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ABSTRACT 


The electrical activity of single motor units has been recorded from 
the first dorsal interosseus muscle of normal human subjects and 
patients with various neuromuscular disorders, during voluntary, 
isometric contractions, together with the force generated by the 
muscle. By averaging the force correlated with the impulses from a 
single motor unit, the contraction time, half-relaxation time and 
twitch tension generated by that motor unit could be measured. 
Under the experimental conditions the trains of impulses from 
different motor units in most subjects were generated quite 
independently. The frequency response for the contractions of 
single motor units was well fitted by that for a linear, second- 
order system with nearly critical damping. 

The first direct evidence that human motor units are recruited 
during increasing voluntary contraction in an orderly fashion 
according to the size of the contraction they produce, has been 
obtained. The relative importance of recruitment and increased 
firing rate, as mechanisms for increasing the force of voluntary 
contraction, was determined. Only at low levels of force is 
recruitment the major mechanism while increased firing rate becomes 
the more important mechanism at intermediate force levels and con- 
tributes the large majority of force if the entire physiological 
range is considered. 

Two years after surgical repair of a unilateral complete severance 


of the ulnar nerve, the twitch tensions increased to normal size. 
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However, the normal orderly pattern of recruiting motor units of 
increasing size during increasing voluntary contractions was 
irretrievably lost. In patients with pressure or entrapment 
neuropathies and motor neuron disease, the orderly pattern of 
recruitment was not disrupted. Among patients with unilateral 
pressure or entrapment ulnar neuropathies, there was a tendency 
for the twitch tensions of single motor units to be smaller while 
the surface EMG amplitudes were generally larger in the affected 
hands. Very large EMG amplitudes but twitch tensions of normal 
size were observed among the motor neuron disease (amyotrophic 
lateral sclerosis) patients, indicating that in general motor 
units enlarged by sprouting are less efficient contractile units 
than units of normal physiological size. 

Studies on synchronization were made on normal and neuropathic 
human motor units using the rectified and unrectified surface EMGs, 
recorded from the first dorsal interosseus muscle of the hand, 
together with the EMG of single units recorded with a needle 
electrode. Of the thirty normals recorded from, only about 20% 
showed significant synchronization. The individuals showing 
synchronization were nearly all involved in occupations or sports 
which required near-maximal, brief activation of these muscles. 

To test whether this was responsible for the synchronization, an 
additional six weightlifters were studied. All showed significant 
synchronization. Among the patients with unilateral ulnar neuro- 
pathies who showed significant synchronization in their normal hands, 


there was a general decrease in or absence of synchronization in the 
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affected hands. Reflex experiments sugges at the cause of the 
synchronization is due to strong descending supraspinal pathways 


rather than to spinal reflex mechanisms. 
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I NTRODUCT ION 


The electrical activity of single motor units can be recorded 
so easily during normal voluntary contractions that these recordings are 
used routinely in the diagnosis of diseases affecting nerves and muscles 
(Lenman & Ritchie, 1970). However, only recently have attempts been 
made to record the contractile tension generated by single motor units 
in man (Buchthal & Schmalbruch, 1970; Sica & McComas, 1971). The 
methods used to measure tension involve the more difficult task of 
stimulating single motoneurons in whole nerves or branches of nerves 
after they divide close to the motor end-plates. With these methods 
fast and slow twitch motor units have been identified in human muscles, 
but whether different fiber types are used differently during normal 
voluntary contractions remains unclear. 

In I97!1 Doctors R.B. Stein and R. Yemm developed a method in 
which impulses recorded from a single motor unit are used to trigger a 
signal averager, which sums the forces recorded from the whole muscle as 
a function of time before and after these impulses. If the impulses 
from other motor units occur at random times relative to the single 
motor unit being studied, averaging will extract the tension changes 
produced by the single unit from the overall tension fluctuations in the 
muscle. This method, together with other general experimental techniques, 
have been utilized in an extensive study of the contractile and electrical 


properties of normal and neurologically abnormal human motor units. 
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ris *Recroriment of motor in its 

A large number of parameters have been found to vary system- 
atically with motoneuronal size, and this has become known as the size 
prinetple (Henneman, 1968). For example, the larger the cell body of a 
motoneuron, the higher is the conduction velocity of its axon (Kernell, 
1966; Burke, 1968), and the stronger is the muscular contraction which 
is produced when it is stimulated (McPhedran, Wuerker & Henneman, 1965; 
Wuerker, McPhedran & Henneman, 1965; Burke, 1967). Larger motoneurons 
are also recruited at higher thresholds during reflex (Granit et al., 
1957) or intracellular, electrical stimulation (Kernel!, 1966). The 
after-potentials of larger motoneurons are shorter (Eccles, Eccles & 
Bundberd | 956 "and the sinit tal’ rahe of =viring Ss higher thernells S965). 
Larger motoneurons increase their rate of firing more rapidly with 
increasing stimulation (Kernell, 1966) and attain higher firing rates 
(Granit et al., 1957; Kernell, 1965). Higher firing rates are necessary 
to produce fused contractions, because the twitches generated by larger 
motoneurons are briefer in time course and so the fusion frequencies are 
higher (McPhedran et al., 1965; Wuerker et al., 1965). Many other 
physiological and histochemical differences between fast and slow twitch 
motor units have been described (Burke et al., 1971; Close, 1972). 

Fast and slow twitch units have recently been demonstrated by 
stimulating single motoneurons in man (Buchthal & Schmalbruch, 1970; 
Sica & McComas, 1971). There is also some indirect evidence for the 
orderly recruitment of increasingly large motor units during human 
voluntary contractions (Olson, Carpenter & Henneman, 1968), based on 


the size of the action potentials recorded by needle electrodes in the 
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muscle. However, variations in the order of recruitment have also been 


found (Basmajian, 1963; Grimby & Hannerz, 1968, 1970). 


|.2 Mechanisms involved in the gradation of voluntary contraction of 
muscle 

Over the past forty years, there have been contradictory 
opinions on the role of the two mechanisms involved in the gradation of 
contraction. The force of a voluntary contraction can be increased 
either by (i) increasing the number of active motor units (RECRUITMENT), 
or (ii) increasing the rate of discharge of the motor units already 
active (FREQUENCY CODING or RATE CODING). Adrian and Bronk (1929) and 
later Smith (1934), Lindsley (1935), Gilson and Mills (1941), Seyffarth 
(1941) and Norris and Gasteiger (1955) observed that during strong con- 
traction of limb muscles, the number of active motor units increased, 
while the discharge frequency increased up to 40-50/sec. This suggests 
that an increase in muscular contraction is due to an increase in the 
frequency of motoneuron discharge as well as to recruitment. 

However, Bigland and Lippold (1954), in a study of motor units 
of hand muscles (adductor pollicis, abductor digiti minimi brevis), found 
a wide range of contraction strength within which frequency remained 
practically unchanged. Stating that the behaviour of individual motor 
units is not uniform, the authors nevertheless concluded that the grad- 
ation of contraction is brought about mainly by motor unit recruitment 
except in very weak and strong contractions. Bracchi et al. (1966) put 
forward an extreme view that motor unit discharge frequency of each 


muscle is stabilized and relatively low (about 20/sec in the muscles of 
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the arms and about !0/sec in those of the legs). They believed motor 
unit recruitment is the means by which contraction strength is increased. 

More recently, Clamann (1970), in his studies on single motor 
units in human brachial biceps, concluded that his work "quantifies and 
expands on the common observation that, at low tension levels, frequency 
change is the chief means of grading tension, while at higher tension 
levels, recruitment is the predominant mechanism". Person and Kudina 
(1972), working on m. rectus femoris, concluded that "recruitment is 
undoubtedly the main reserve of contraction strength increase - however, 
the mechanism of frequency change is unsurpassed as far as precision and 
smoothness are concerned". 

Using methods which will be described in detail in Chapter Ill, 
the twitch tensions were determined for a substantial fraction of the 
motor units in the first dorsal interosseus muscles of three subjects. 
This was done by averaging the steady discharge of single motor units at 
just above the threshold force level required to recruit these units. 

By following the discharge of some of the same units during controlled 
changes in voluntary contractions at suprathreshold levels, it was 

possible to determine quantitatively for the first time, the relative 
importance of recruitment and rate coding as mechanisms for increasing 


the force of voluntary contraction. 


|.3 Ulnar neuropathies and motor neuron disease 
The ulnar nerve is a continuation of the median cord of the 
brachial plexus, and contains fibers derived from C.8 and T.! roots. In 


the upper arm, it passes between the biceps and triceps muscles in close 
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relation to the brachial artery and median nerve, and it passes through 
a groove behind the medial epicondyle of the humerus to reach the fore- 
arm. In the forearm, it supplies the flexor carpi ulnaris and the 
median half of flexor digitorum profundus. After entering the hand it 
divides into a superficial and deep branch. The superficial branch 
supplies the skin over the hypothenar eminence, and the palmar surface 
of the fifth finger, and the medial aspect of the ring finger. The 
deep branch has no sensory supply, and near its origin gives off branches 
to supply the hypothenar muscles. After curving laterally around the 
hook of the hamate it supplies the INTEROSSEI, and the third and fourth 
lumbricals, and the adductor pollicis (Fig. |). 

Following injury to the ulnar nerve, there are a number of 
well recognized histological and electrophysiological changes. If the 
nerve is completely severed, some re-innervation of the intrinsic 
muscles of the hand may occur without surgical intervention, particularly 
if the lesion is fairly distal along the course of the nerve. However, 
in most cases the nerve is explored surgically and the cut ends are 
rejoined by various suturing techniques. The regeneration of a 
peripheral nerve after repair results in the formation of an excess 
number of regenerating fibers formed by branching (Ramon y Cajal, 1928; 
Edds, 1953). These excess fibers may fail to make peripheral connections: 
motor branches that fail to re-innervate muscle fibers will atrophy and 
eventually disappear, whereas those that make peripheral connections wil| 
increase in size (Weiss & Edds, 1946; Sanders & Young, 1946; Aitken, 
Sharma & Young, 1947). In addition, some motor fibers become connected 


with muscle fibers they did not formerly innervate (Esslen, 1960) and 
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hence give rise to new motor units that are functionally as well as 
morphologically different from the motor units prior to injury. 

The ulnar nerve may be damaged as a result of localized 
pressure or entrapment at various sites along its course. The nerve 
is most vulnerable at the elbow, where it travels in a shallow groove 
behind the medial epicondyle. Here it may be damaged due to external 
pressure (either a single episode such as occurs during a period of 
unconsciousness or multiple episodes of pressure such as in the of*ice 
worker who leans on his elbow). The nerve may also become entrapped 
and compressed in fibrous tissue in the ulnar groove, or it may be 
damaged as a result of a congenital or acquired deformity at the elbow, 
in which case repeated flexion and extension of the joint traumatizes 
the nerve (the so-called tardy ulnar palsy). Anterior transposition 
is frequently performed, but completely normal function is seldom 
regained (Seddon, 1972). The prognosis after surgery depends largely 
on the degree of nerve involvement, and Payan (1970) contends that the 
operation is being performed more often than necessary. 

MOTOR NEURON DISEASE is a condition in which there is a 
progressive weakness and wasting of affected muscles, which is associated 
with degeneration of motor neurons in the brain and spinal cord. The 
two principal clinical varieties are referred to as amyotrophic lateral 
sclerosis and progressive muscular atrophy. In the latter variety, the 
process appears to be confined to the motor nerve cells, whereas in the 
former there is also degeneration of the corticospinal tracts giving 
rise to a combination of upper and lower motor neuron signs. Clinically, 


the onset is frequently associated with the appearance of wasting of the 
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small muscles of the hands, and widespread fasciculation may be an early 
feature. In some instances, weakness may start in the lower |imb 
muscles or in the bulbar muscles, which are affected in the later 

stages of the disease. 

Previous electrophysiological studies of motor neuron disease 
have indicated the following changes in motor unit properties (Erminio, 
Buchthal & Rosenfalck, 1959; Buchthal & Olsen, 1970): (i) increased 
amplitude of the individual motor urit action potential; (ii) increased 
amplitude of the interference pattern during strong voluntary effort; 
(iii) 30% or more increase in the mean duration of the motor unit 
action potential; and (iv) 80% or more increase in the territorial 
area of the motor unit. Very little, however, is known concerning the 
twitch tensions and other mechanical properties of these altered motor 
uniarsh 

A detailed electrophysiological study has been made of 
(A) five patients with a previous complete unilateral severance of the 
ulnar nerve; (B) fourteen patients with unilateral and four bilateral 
pressure or entrapment neuropathies affecting the ulnar nerve; and 
(C) eight patients with motoneuron disease (amyotrophic lateral sclerosis). 
These three groups are interesting in that there is a loss of physical 
continuity of all motor fibers in Group A, while in Groups B and C motor 
fibers are differentially affected. There is then a possibility that 
relatively normal motoneurons can sprout new collaterals and innervate 
more muscle fibers to compensate for the loss of other motoneurons 
(Co8rs and Woolf, 1959). In Groups B and C there may be different 


effects due to the site of the lesion which will most severely affect 


se anata aa ‘as zenictw  SobnatanT anor wl N 


sets! art nt betostte ets rotcw alana etf al 46 28! 


becnersni (1) 2COVel yneslO d ledtéoue 488) vloletneeor B foe 
pezesion! (il) iishtnereg tot fee +tov rofom: leubivibal eft Yo ebur an 
ttretts yternu lov mee pHiaub nasttag ssnerataeta! ent to ebuti lqms- 7 


+tnu aotem eft +0 ‘nottequb ream eat ni sesston! syom TO - bia 


ett oninrsonos Awoml 21 ,tevewod .sittil yis¥ tiny qeten ent Ye ean 

j0tom botetls eesit to ealtieqotd leat astiogm sento bis ee ie. 

cettnu - 

+o sbsm nsed esn Ybute isoinololeyfagotioels bel iste A aie ee 

att to esnerevee larstelinu stelqmos alciveng 6 dtiw etnsitsq avit (A) _ 

letets| id qvot bos lsnsteliny dtiw atneltsq nestqwe? (8) ;swren" bay wot 

ba& vevien teniu adt pnitoetis ealrteqotmen themgsitne 70 oww228tq : 

.tetzors!ise istets! oligqovtoyms) seeseTb nowsnoton itiw etasitsg treie (2) . 
isateyiig to 220! s el stent tent ai pniteeistn! sis equoip sent ee 

16tom 2 ne B aquow ni alidw .A quoi ni anedl+ sotem iis Yo yt . 

eae ee pax ef sent 7 vi teitretet tb — a 


nerve conduction (Group B) or the properties of the cell body (Group C). 


1.4 Synchronization of motor units 

Motor units may function both independently of one another or 
discharge in groups. This form of grouping is SYNCHRONIZATION, i.e., 
coincidence in time (which exceeds random caincidence) of the discharges 
of two or more motor units. The occurrence of synchronization has been 
described as arising in exceptional cases in normal muscle (Hoefer & 
Putman, 1939; Buchthal & Clemmesen, 1941). Buchthal and Madsen (1950) 
found 20% synchronization in a large population of normal subjects, 
using the biceps muscle. In addition they found a variation in syn- 
chronization between different muscles as well as changes in synchron- 
ization among patients with various neurological disorders. Person and 
Kudina (1968), using cross-correlation analysis of two EMGs led off 
from the same muscle (biceps brachi), revealed synchronization of moto- 
neuron discharges during fatigue and intense contraction, and also as 
an after effect of poliomyelitis. 

Quantitative studies on synchronization have been made on 
normal subjects, on patients with ulnar neuropathies and motor neuron 
disease, and on weightlifters. The initial study on seven normal 
subjects will be presented in Chapters IV and V, while subsequent 
studies on patients and weightlifters will be considered in Chapters 
Vl and VII. In the literature, the cause of synchronization has been 
discussed only on a somewhat hypothetical basis. Independent reflex 
experiments were therefore performed on weightlifters and controls, 


with the purpose of investigating any other changes that might take 
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place in the central nervous system as a result of weightliftina, which 
would shed some light on the main cause of synchronization of motor 
Urlirsi 

This thesis can thus be divided into two main parts. The 
first part is on the contractile properties of normal human motor units, 
the focus being on the mechanisms involved in the gradation of voluntary 


contraction. The second part deals with the contractile and electrical 


properties of human motor units in neuropathies and motor neuron disease. 


The main study on synchronization of motor units will be incorporated in 
the second part. 

This thesis includes most of the work the candidate has been 
diceetihyainvolvedatn sincempherfalleof |9i)ec Mucheofathisemateriailehas 
been published or is in press jointly with Doctors R.B. Stein, R. Yemm 
and R.G. Lee (Milner-Brown, Stein & Yemm, 1973a, b, c; Milner-Brown, 
Stein & Lee, 1974a, b; Stein & Milner-Brown, 1973, 1974). The Results 
and Discussion presented in Chapters IV and V follow the publ ished 
versions closely, which were largely prepared for publication by 
Doctor R.B. Stein. The Results and Discussion presented in Chapters VI 
and VI| contain more unpublished material. Where material is included 
which is in press, it was largely prepared for publication by the 


thesis candidate. 


to ty imotaye 20) | a 

yotom to noltesinondony2 to séuso nism edt no tipi! moe bede biuow 
: S @ .etiqu a 
edT .atrsq cis owt ofn) bebivib sd eurlt 62 eleartt aidT * 


,etinu totem nsmid lemton to 261 eqo%9 o| esytnas. stt no 2) trsme-tanit a. 
yistaulov to noiteberg ert ni baviovnl emainsnden edt no poled use? edt 
isoiatoete bas slitasitnoo eit Atiw etseb +4eq bree edt noltosyties | 
-e260aib nowen Totom bné asidtegowen oi abinu 7otom nemur to eel tiegoNg 
ni betsioqioon) ed iliw atinv totem to noltesinowtonye no youte alien ody 
nesd 256A stabibnss ert Anow efit to team zebulani eleent eidt = 
zen Isintetem eindt #0 dovM .IV@! to its? eit sonte Ai beviovint yitoentb 
mney A  niet2 .8.A erotsod Atiw vitniol, eastg al el a0 bavetiaug abd 
saword—anliM ;o ,¢ ,seTO! .mmaY & nlet2 «nword-7en! iM) ded .O.F Bae 
at(vee efT .CATe! ,EVEl ,nwowd-—aenliM BS alete ¢d .shVe) ~oad 8 miete 
badel!dua edt wollo? V brs Vi g1etqsdd 9] betnsestg noieeuoeiGtns 7 
yd noitsoilduq act barsqs 1q Visp ie! anew dainw ,yiseolo enolarey / 
\V axetgerid nt betndeetg nolazvoeid bos etluash eT .niet2 6.9 whaed 
babylon) 21 lsinetem stsedw heinetan ber2ildueny snon nistnes bY tas. 
ait yd noitsolidug sot teysqetq yleprel aéw ti .2zerq ni. el moiiw : 
-oteb ibaa) efeedt : 


CHAPTER || 


GENERAL BACKGROUND AND THEORETICAL REVIEW 


This chapter reviews some of the important phenomena, 
theoretical ideas and assumptions which were utilized in this study. 


These include the electromyogram, linear systems and statistical theory. 


11.1 The motor unit 

Within a muscle, the axon from a single motor nerve cel | 
arborizes into many terminal branches. Each branch is attached to an 
individual muscle fiber. The branching of the axon permits a single 
neuron to stimulate a group of muscle fibers. For example, an electrical 
impulse travelling along a single axon will induce the contraction of 
approximately 200 fibers in the first dorsal interosseus muscle of the 
hand (Feinstein et al., 1955). The functional unit of the neuro- 
muscular system thus differs from the structural units of the nerve and 
muscle systems which are, respectively, the neuron and the muscle fiber. 
The functional unit of the neuromuscular system is the motor untt; tt 
consists of the anterior horn cell, tts axon and all the muscle ftbers 


tnnervated by that axon. 


11.2 The electromyogram 

Muscular contraction is caused by depolarization of the muscle 
fibers. This depolarization causes a muscular action potential known as 
the electromyogram or EMG. The EMG can be picked up by needle electrodes 


inserted into the muscle or by surface electrodes placed over the muscle 
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concerned. The shape of the surface EMG is triphasic or diphasic, the 
first two phases coinciding with the phase of depolarization of the 
intracellular action potential; the second phase occurs near peak. 

The shape of the extracellular action potential (surface EMG) recorded 
with two electrodes in an unlimited conducting medium can be predicted 
by simple arguments based on the spread of action currents. Ahead of 
the depolarized region of the fiber current flows out of the fiber, 
i.e., the potential decreases radially and is therefore positive since 
it is zero far from the fiber. In the depolarized region conditions 
are opposite: current flows into the fiber, i.e., the potential 
decreases towards the fiber and is negative in this region. This 
explains the two main phases of the surface EMG. Finally, currents 
which leave the fiber in the region under repolarization give rise to 


a terminal positive deflection. 


11.3 Second-order linear system approximation 

lf the tension in response to an impulse in a motor unit can 
be approximated by the impulse response of a critically damped second- 
order system, then tension would be given as a function of time f(t) by 
(Milsum, 1966) 
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Time delays such as occur in excitation-contraction coupling have been 
ignored. The peak tension occurs when the slope of f(t) against t is 0, 


i.e., when: 
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Equ. I1.2 will obviously hold when t = 7, so the constant 7 simply 
represents the contraction time of the motor unit. The value of the 


peak tension P can then be obtained by setting t = 7 in equ. I1.1: 
‘P= f(T) = aT/e his 


From equs. |/.! and II.3, half-relaxation will occur when: 
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or after rearrangement: 
Sg eee ul 


This occurs when t = 2.687. Thus, the half-relaxation time should be 
nearly |.7 times as long as the contraction time (this will be discussed 
in Chapter V). 

The area under the curve of equ. I1.1 (tension-time integral) 
gives the total number of g-sec contributed by the twitch to the overal | 


force in the muscle. 
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Equ. 11.4 indicates that for this linear approximation, each impulse 
will produce a contribution of PTe g-sec, where P is the twitch tension, 
T is the contraction time and e = 2.72 is the base of the natural 


logarithms. This prediction will be tested in Chapter IV. 


11.4 Frequency response functions 

lf a constant parameter linear system is physically realizable 
and stable, then the dynamic characteristics of the system can be ces- 
cribed by a frequency response function G(f). When x(t) is the Time 


dependent input to a system and y(t) is the output, the frequency res- 


ponse function G(f) of the system may be obtained from: 


G(f) = “2— 11.5 
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and the coherence function y2(f) from: 
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where 
5 ne P? = power spectral density of x(7) 
i = power spectral density of y(%) 
mpd = cross-spectral! density 


The coherence function is a measure of the degree of linearity of The 
input-output relationship. The frequency response function is generally 
a complex valued quantity and may be thought of in terms of a magnitude 


and associated phase angle. G(f) can thus be written as 
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The absolute value |G(f)| is called the GAIN, and $(f) the PHASE. In 
these terms, the frequency response function takes on a direct physical 
interpretation as follows. Assume a system is subjected to a sinusoidal 
input with a frequency f producing an output which will also be sinu- 
soidal with the same frequency. The ratio of the output amplitude to 
the input amplitude is equal to the gain Ver) of the system, and the 
phase shift between the output and input is equal to the phase $o(f) of 


the system. Now 
log Jacpy |e? = log Jorn] + fo? 11.8 


The log-log plots of gain and phase against frequency are called Bode 
plots. Fig. 2 gives the Bode plots for a critically damped basic second- 
order system. The frequency response for a single motor unit during a 
voluntary isometric contraction will be given in Chapter IV. 

The AUTOCORRELATION FUNCTION for random data describes the 
general dependence of the values of the data at one time on the values 
at another time. The CROSS-CORRELATION function for two sets of random 
data describes the general dependence of the values of one set of data 
on the other. A roundabout method for computing autocorrelation and 
cross-correlation function estimates is to first compute by fast Fourier 
transform procedures the power spectral density functions, and then to 
compute the inverse Fourier transforms of these results. The double use 


of fast Fourier transform procedures to compute both the spectral density 
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Fig. 2. Bode plots for a critically damped basic second-order 


system 


functions and the correlation functions can make this total operation 
more efficient than direct computation of average products among the 
sample data values (Bendat & Pierson, 1971). The autocorrelation and 
cross-correlation histograms of motor unit impulses will be given in 


Chapter IV. 


11.5 Statistical theory 
This section deals with the relevant statistical methods used 


in this study. 


The normal dtstrtbutton: A variate that follows the frequency 


function 


exp (too peoreew< of) BT ),9 


is said to be normally distributed with mean value of yw and a variance 
of o%. The normal distribution is quite often a fairly good approxi- 
mation to the distribution of random fluctuations in biological and 


physical phenomena. 


Student's t-distributton: |n sets of size (n+l) from a normal 
distribution the ratio of the average to standard deviation (t = x/s) 
follows Student's t-distribution with n degrees of freedom. The 


probability density function for the t-distribution is 
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mean value of t = 0, variance of t = “ moo 


The gamma function Tf is defined by 
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Correlatton coefftctent: Let x and y be two variables for 
each of which the deviations from the average have a normal distribution. 
Then for a set of corresponding pairs 21, ¥1; Xo, Yos «+3 Ly» Yy 
the correlation coefficient of the sample is 

L(x» - x)Y - y) 
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= | . 
where a = yee y = eo 
For y= Of there Is"@no "correlat lone] For 7=— 14 there-4 si} strict 


proportionality y = Cx. 


Test of whether a correlation coefficient is different from 
zero: If r is the observed correlation coefficient found in the linear 


regression case, assumed to be an estimate of o of a bivariate normal 
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distribution, then in order to test the null hypothesis that p = 0 


against the alternative hypothesis that p # 0 compute the statistic 


pees rvn-2 
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When the null hypothesis is true t follows Student's t-distribution for 
(n-2) degrees of freedom. Reject the null hypothesis if the observed 
value of ¢ is greater than the value of Student's t-distribution 

exceeded in absolute value with probability a. For example in Chapter 
VI, Fig. 28 gives the twitch tension against threshold force two years 
after complete severance of the ulnar nerve. The correlation coefficient 


of 0.44 substituted into the above statistic gives (n=I1) 


ae 0.44 5 
VI - (0.44)2) 


From Statistics Tables of Student's t=distribution p = 1.35 at 20%, I.e., 


r = 0.44 js not significant even at 20% level of significance. 


To test whether the mean of a normal dtstrtbutton is greater 
than a specified value: Observed values, x and s based on m measure- 
ments considered as a set of values from a normal distribution with mean 


u, and standard deviation o. 
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Alternate hypothesis: wu > ug 


(esr Statistic: ¢ = a) 


t follows Student's t-distribution for n-! degrees of freedom if nul! 
hypothesis is true. 

Rejection criterion: Null hypothesis is rejected if the 
observed value of t is greater than the value of t for m-I degrees of 


freedom, exceeded with probability a. 


Kolmogorov-Smtrnov X test: The significance of a difference 
between the distributions of the same parameters in the normal and 
affected hands, to be discussed in Chapter VI, was calculated using the 


Kolmogorov-Smirnoyv A test (Fisz, 1963). This section explains the 


method. 
Let Q,(@) be the distribution function of the random variable 
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This is the Kolmogorov-Smirnov distribution. 
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and none be the empirical distribution functions of the first and 
second group of random variables respectively. Thus, Sin, ‘@) and 

Sono (X) are the empirical distribution functions of two independent 
simple samples drawn from the same population in which the characteristic 


“x has the distribution function f(x), and 7,, m> are the sizes of the 


samples respectively. 


Let 
D =") max lS (7) - S (x2) | ewes) 
n\nN»2 See 1”1 2n2 
N\N» 3 ‘ f P : 
n= —— < and a, (2) is the distribution functton of the random 
variable wm D 
n1n2 
Qn ans bE) = ee ee < \/vn) for A> 0 Petey 


For an example of the application of the Kolmogorov-Smirnow A test, we 


select two independent simple samples from a population in which the 


characteristic x has a continuous distribution function n, = 70, m2 = 100, 

and the observed value of Law = 0.18. What is the probability that 

Drains is smaller than this value? 
nn 

Solution: 7 Ste = 4112, vn =6.42 
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from Smirnov's limit theorem 
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CHAPTER I11 


METHODS 


All the motor units studied were from the first dorsal inter- 
osseus muscle of the hand. This particular muscle was chosen for exten- 
sive study because it is the only one producing movement of the index 
finger away from the middle finger (there is no corresponding ventral 
interosseus muscle). Also, since we intended to correlate the tension 
generated with the discharge of single motor units, a fairly smal 


muscle having a limited number of motor units was desirable. 


l1!.1 EMG recording 

One bipolar needle electrode (except during cross-correlation 
studies when two needle electrodes were used) was inserted into the 
muscle and positioned so that the discharge of single motor units could 
be distinguished at a moderate level of voluntary contraction. The 
electrodes consisted of two fine (75 um) wires for differential recording 
fixed with epoxy in the barrel of a needle (25 gauge) which served as 
a ground connexion. The potentials picked up by the electrodes are 
usually very small in amplitude and consequently must be amplified to 
a level that can be conveniently handled by the other apparatus. The 
AMPLIFIER designed for this purpose should have the following character- 
istics: (1) high and uniform voltage gain for all frequencies within 
its stated range; (2) a frequency range of 20-10,000 Hz; (3) differential 


input; (4) high input impedance; and (5) high common-mode rejection. 


| An aoe 

-vetni iaenob tevly) sifimont enay betbute: atihy) Totem Bt 1A 
~netxe 40% nazoro asw alsadm asluottsq aid? .bned.apt 20 @loeum auesed” 
xabni oft to themevom prisuberg ano y!noont. ai. ti seussed ybute evie 
feitnev gnibnegee3e5 on el event) yepmit efbbim ast moat yews Tepnt} : - 
noienat sit steleii9s of bebnetni gw sonte ,celA .teloeum nuenereteee 
lleme yiviet 6 ,etinu rotom alenie to eprsdoelb ent atiw bate 


.sideileeb 2sw aetinu totom to yedewn betim!| 6 paived elpaum 


en ibiosen OM LeKE | 
Aoltel si1s-22915 onl wh tqeoxe) ebottoa!s elbssn vsloatd end. | a 
edt ofni betreent esw (beey otew asbortosl9 sibasn owt new zotbute : 
Hivos etinu totom stonle to aprenoeib eit tent oe benoltiaeg bns etzeum 

ait snoitosttnas yietnulov to level etersbom = ts beviziupnitelb ef of 
pnibyese7 Isitnersttib rot 2eriv, (my ev) enit owt to beteleno> 2ebovtsele “37 
samainée foinw (epee #8) slbeen 6 to leiyed ent af yxoge ate haat e i“ 
sie eapaitoele sft yd qu belolg elsitnetog sit .ndlxenned bauOID o 
of beltiigme od tzum yi tneupeenco bas ebutilgme ni | bene yvev acd a 
eat .2zuteyeqqs reito et yd belbnad yitneatmevice ed nso fait fevel 
srefdeieria Bniwollo? edt eved bivode ezcqiug eit tot benptesd RAIWIA 
omiatiw epianeupeyt |ls yo? nisp epst lov motinu bre dota ¢hy 
| ieitnevettth (Z) ysl 000,01-08 to spnsy yonsupet? 6. (6) yepnen be 


Input tmpedance: is the ratio of the voltage applied to the 
input to the current drawn by the amplifier. In most applications, it 
is desirable to have the input impedance many times greater than the 
impedance of the electrode. This ensures that very little current is 
drawn from the source of the potential to be amplified, and there is 
minimal drop of voltage at the electrode. If the input impedance is 
lower than the electrode impedance, a condition known as "loading", a 
large current will flow from the source through the electrode and 
amplifier impedance, causing a comparatively large voltage loss across 
the electrode anc a reduced voltage available for the amplifier. This 


condition results in distortion of the potential wave shape. 


Differenttal input: A differential amplifier is characterized 
by its rejection of voltages which are identical (in both amplitude and 
time) at its two input terminals and the amplification of the voltage 
difference between the two input terminals. When an electrode is 
inserted into or placed on a muscle it will pick up action potentials; 
however, it may also pick up 60 Hz signals from power supplies or poor 
grounding or other sources. The latter potentials, if passed through an 
ordinary single-ended amplifier, would be amplified along with the 
muscle potentials. In this type of recording the quality of the 
amplifier output, especially if the action potentials are low amplitude, 
would be very poor. To improve the quality of the recording, a 
differential amplifier is used for the first stage of amplification. 

The differential amplifier simply amplifies the difference in voltage 


that exists at every instant between signals applied to the two inputs. 
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For example, two voltages identical in amplitude and phase that are 
applied to the differential amplifier will cause no output voltage. 
In-phase signals arising from power lines or from sources outside the 
electrode field which would normally interfere with the desired action 
potentials will be rejected by the amplifier. The ability of a 
differential amplifier to reject identical signals is called common- 


mode rejection. 


Frequency response: defines how fast an instrument can res- 
pond without distortion to changes of voltage at its input. A factor 
of considerable importance in our quest for faithful reproduction of 
source potentials is the ability of the apparatus to follow reliably 
any changes in potential with time. If the apparatus cannot follow the 
fast changes, then both the amplitude and duration of the recorded 
signals will be inaccurate. The frequency response of electrodes and 
amp itver are similar to that illustrated in Fig. 35. In -setecting the 
best frequency response for the EMG amplifier, two factors must be con- 
sidered: (I) no distortion of any recorded potentials; and (2) noise 
voltages maintained as low as possible. If we choose a wide frequency 
range to ensure distortion-free recording, we may also allow noise, 
which is introduced via the electrode or amplifier wiring, to pass 
through the amplifier. Consequently, the frequency response is care- 
fully chosen on the basis of the frequency content of the EMG potentials 
and the elimination of potentials of all other frequencies. 

During each recording, the electrical activity was (1) amplified 


using a preamplifier with 10 MQ input impedance and 90 dB common-mode 
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Fig. 3. A frequency response characteristic for an amplifier. fy is 
high frequency cut-off, f7 Is low frequency cut-off, Vo/V; 


is ratio of voltage output to input. 
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rejection (Tektronix Type RM-122 Low-level Preamplifier); (2) filtered 
with a low-frequency cut-off between 80 and 100 Hz and a high-frequency 
cut-off of |,000 or 10,000 Hz; (3) displayed on an oscilloscope; and 
(4) recorded on an FM tape recorder. Subjects were provided with both 
visual and auditory feedback of the electrical signals, as suggested by 
Basmajian (1963) and were asked to maintain the discharge of a single 
motor unit at a slow, fairly steady rate (e.g., 5-10 impulses/sec). 
Single units were identified in the usual way, by triggering the 
oscilloscope from the amplified electrical signal, and observing the 
occurrence of a repetitive waveform with (1) invariant amplitude and 
time course; and (2) no intervals shorter than several msec. Although 
some units could be made to discharge steadily at somewhat lower rates, 
this often proved difficult to maintain for the periods of recording 
used (3 min). The voluntary force level was then varied to change 
the firing rate or to recruit other motor units and the process was 
repeated. After recording all the motor units that could be distin- 
guished at one electrode location, the position of the electrode was 
changed. Attempts were made in each session to record motor units which 
were recruited over a range of forces from very weak ones up to a Kg 

or more. Pulse height analyzers (Stein, 1968) were available to analyze 
smaller units which were recorded simultaneously with units producing 
larger electrical signals. In addition to a needle inserted into the 
muscle, silver disc surface electrodes (with a diameter of 9 mm) were 
often placed 340.5 cm apart on the skin on opposite sides of the needle 
and electrode paste was used for good electrical contact. The three 


electrodes were then in a line parallel to the long axis of the muscle. 
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Similar amplification, filtering and recording were used for the 
surface EMG. In later recordings (Chapter V1) a 5 msec electronic 
delay was invroduced before recording the surface EMG so that its 
full time course could be observed when triggering from the needle 


EMG. 


[11.2 Tension recording 

In the first part of this study (Chapters IV and V), subjects 
held a force transducer between their thumb and first finger, while 
resting their arm comfortably on a support. The force transducer was 
rigidly clamped to the support. In later studies, however (the results 
of which are given in Chapter VI), the force transducer was rigidly 
clamped to a metal rod fixed in the center of a table and the subjects 
rested their arms comfortably on the table. Brackets were mounted on 
the frame of the transducer for the thumb and on the lever attached to 
the strain gauges to accommodate the lateral portion of the first 
finger, approximately midway between the base of the finger and the 
proximal interphalangeal joint. The transducer was virtually isometric, 
allowing only | mm of movement, and was used with springs for recording 
forces up to about 2 Kg. The natural frequency of the transducer when 
loaded by the bracket was about 400 Hz. Where the records after 
averaging were noisy, the higher frequencies were sometimes filtered, 
taking care not to distort the recorded waveform. Low frequency 
fluctuations were commonly seen in the tension records, and these were 
reduced before recording by a high-pass filter with a time constant of 


| or 2v5 secver This: does! not appreciab lyrditstork the’ time course ‘of*any 


28 


rit 
ent 70} heeu stow pn ibio9e7 bas, pniqeth it ies ? oe 

sinertoole seam'@ & C/V 7etaed) 2pnibiosen Teel il” OM’ eomtaae: - 
ati ted} oe OMA Ssetaue ot pribtesen etoked bsouber7AT 2ew yaleb: ’ 

wlhedn-ert eT? wnitapelrt nenw bevisede ed blued wetwen lente MUN © : 


OMI 
em ¢ | 
pnibreses sofaneT S.tit 
etoe{ due .¢¥ bone Vi eretaqend) vbute aint 7 fasq Tan? edt mh” 1 - 
slitw regal? teri? base dmudt qiedt neewted ieoubensrt eave? & bled ; 
2eW qaubenest sxrot sdT .tyoaque 6 no yidsirotmes me qleAh pniteet 
atiueen ect) aevewod (esibut2 retell n I -Trogque aft oF baqnats ylbipla 
vibtets aaw aesubenent soot ont .(1V a9tqedd nl nevie ers foliw to ~ . 


afoaidve ert bos eidst 6 to TeTNe9 edt At bei boy lstom 6 ot beqnels 
no betntiom ssw eteya674 aiuer ait no yidetrotmes ame aledt betest. | 
ot bedost+s qevel edt no bre dunt edt 10% “eoubaneqt eft to emeyh ent 
+e7 it ant to noitroq Isietsl. anit otebonmoso6 ot 2spuap avweterie 
edt brs apqit eft to seed ed? nsawted yewbim Vietsmlkorgge .We_ntt a 
entities Vi leufaiv eew ascubenstt SdT .triol tsepnéhenqietal Tam?xorg: 7 
gqibiese 30} 2pntraez ittiw beev 2ew bre ,tnstevom to nm | vino aninoits . 
nedtw teoubene1t edt to yaneupe1t istuten sdT .py S tuods of ge genvet 
4ett6 2ebress, elt eveW .sH OOh tuods 2sw tose d’ eft yeu betel i" 


beret | i? 2emitemoe enew eeloneupei? retpid sd? .yeion syew en ipsreve 
yaraupert wo! motevew babroost sit hoteih of ton exaoligataer 4 

e7ew s2oit bas ,2b10987 nolenst edt nl nese YIinonmoo etew ano : 
to tnetenco emit 6 dtiw setlit 2eeqerpin-s yd emibyosoy 
Vie Yo eenwoD emit ent tretelb yldsisetags ton eeob eitT .9eee 


29, 


traces shown here which have, at most, a duration of 320 msec. 


l11.3 Correlation and averaging methods 

The four-channe! FM tape recorder was used to record (1) the 
unfiltered force at low gain; (2) the force at higher gain after 
filtering out low frequency fluctuations (see Tension recording); 

(3) motor unit activity from a needle electrode; and (4) the activity 

from either a second needle electrode or the surface EMG. The 

activity from motor units could be replayed through a predetection 

facility about 270 msec before the corresponding force records. The 

impulses from single motor units were used to: 

|. trigger an averager. The averager would then sum the force records 
and/or the surface EMG from a number of sweeps (typically 512) to 
determine the magnitudes of the signals correlated in time with the 
impulses from a single motor unit, or trigger a general purpose 
laboratory computer (LAB-8, Digital Equipment Corp.) and 500 sweeps 
were generally averaged. 

2. generate an autocorrelation histogram (Moore, Perkel & Segundo, 
1966) using a computer program (French, 1970) which measured the 
numbers of impulses occurring at various time intervals after the 
occurrence of an impulse in a single motor unit. The numbers of 
impulses were divided by the number of sweeps and bin width to 
give the rate of discharge following an impulse which is referred 
to in various applications as an autocorrelation histogram, as a 
renewal density function or an intensity function (Stein, 1972). 


The numbers of impulses were also summed and divided by the number 
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of sweeps to give the cumulative mean number of impulses occurring 
in various intervals following an impulse. 

4. generate a cross-correlation histogram for distinct trains of 
impulses recorded with two needle electrodes (Moore et al., 1966). 
The numbers of impulses in one train which occur at various times 
before or after the occurrence of an impulse in the second train 
were measured and converted to a rate of discharge as for the 


autocorrelation histogram. 


Rate limitatton: I|t was often desirable for reasons explained 
under Results to average only those impulses which occurred at least a 
Time 7 msec removed from other impulses. A block diagram of a simple 


circuit to select such impulses automatically is shown in Fig. 4. 


hil. 4 sypchront zation 

The presence of synchronization was quantitatively evaluated 
using the rectified and unrectified surface EMG records. The surface 
EMG was passed through a full-wave rectifier, and then averaged as a 
function of time before or after the occurrence of impulses from a motor 
unit recorded by a needle electrode. The effect of this process is 
shown schematically in Fig. 5. The time of occurrence of impulses 
recorded by the needle electrode are indicated by a vertical line in 
Fig. 5A. Associated with these impulses will be some waveform on an 
unrectified average (indicated schematically by a triangular waveform 
in Fig. 5B). Impulses from other units which are not tightly synchron- 


ized (approximately to within the time 7) will be "averaged out" because 
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Fig. 5. Schematic representation of the averaged twitch tension, with 
the parameters of the twitch which are routinely measured (d) 
and a test for synchronization of motor units using the unrec- 
tified and rectified surface EMGs (a)-(c). If a laboratory 
computer is triggered by impulses from a single unit (a) 
recorded by a needle electrode, a waveform (b) is obtained by 
directly averaging the surface EMG, When impulses in different 
motor units are generated independently (no synchronization), 
this average will simply represent the average voltage generated 
by the single unit which is recorded by the surface electrodes 
(the area indicated by diagonal lines in (b) ). If averaging 
is done after rectification (c), there will be a net contribution 
to the average of (|) the waveform in (b) after rectification; 
(2) the ongoing activity of other units; and (3) a slight degree 
of summation between these two (dotted area). However, if the 
discharge of several units tends to be grouped (synchronization) 
a broader and larger increase in the rectified surface EMG wil! 


be observed than can be accounted for by (I) to (3) above. 
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there will be an equal probability that they will give a positive or 

a negative contribution on successive sweeps. (Because of the AC 
recording, the time average of these EMG waveforms must be zero.) It 
can be shown (Cox & Miller, 1966) that the probability density function 


f(v) for the total voltage v contributed by other, uncorrelated units 


in individual traces will be Gaussian with a standard deviation o, i.e., 
2 
flv) = (2n02)7 1/2 @ 20° ay (1) 
After rectification there will be a net contribution where 
ye 
a = 0 2 
Boe) nse eens ye Wee m8 (an2 m4? Sores (2) 


lf we consider the average waveform at a time when the single 


unit always add an amplitude a, the net voltage v will be 
mis Eee 
a ~ & 2 a 2 
) =o) ie io hota) 20° dy + fq (v-a) e ee dv_] 


v2 oe 


: . 2 
(rat) 222 y 6 2 dv + st wie) @ © doll 


2 
(202/n)!/2 [eu?/2 +ufg 68° (2 du] Ca) 


where “= v/o. ‘In Fig. 5C, the Interrupted |ines show the contribution 
to the rectified average expected from rectification alone (equ. 2), and 
from the EMG measured in the unrectified average alone. The solid line 


above these is the summation predicted by equ. (3). Note that very 
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little summation occurs at the two extremes of amplitude. This can be 


shown mathematically from equ. (3) since for small values of u 


Dee 0.86 ON + ol /2u2) 


while for u greater than about 3, v * a. The maximum summation (when 
a = 0.8) is only 30%, and the increase in area due to summation (the 
shaded portion above the interrupted lines) can be computed for any 


waveform using equ. (3). With the waveform of Fig. 5B the summation is 
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only 9%. The expected summation depends on the actual waveforms recorded 


and a summation of 20% was considered as a reasonable lower limit for 
synchronization activity. In general the synchronization ratios (given 
by the dotted area in Fig. 5C over the area indicated by the diagonal 
lines in Fig. 5B) obtained might have been underestimated, since the 
maximum delay available for the surface EMG was 5 msec. Synchronized 
activity recorded on the surface more than 5 msec before the impulses 


from a motor unit was therefore neglected. 


bli. .speetratbdanalysts 

In addition to these analyses in the time domain, computer 
programs were available to calculate as a function of frequency (1) the 
spectrum of the force record; (2) the spectrum of an impulse train; 
(3) the cross-spectrum between the force record and an impulse train; 
and (4) the best fitting linear frequency response function for the 
force related to the impulse train. This is obtained by dividing the 


cross-spectrum by the spectrum of the impulse train (Bendat & Piersol, 
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1966). For our purposes the shape of the impulses was not of interest. 
Therefore, the programs treat the trigger pulses as Dirac 6-functions 
filtered appropriately for the frequency band considered. These 
programs, including their assumptions and limitations for the analysis 
of neural data, have been described in detail elsewhere (French & 


Hoideng $97 lasab, cds 


"Threshold" force for recruttment: Subjects were asked to 
maintain the force at a level! just adequate for activating a given motor 
unit to discharge steadily. The force necessary to do this was read 
from a calibrated solid state Digital Voltmeter (Triplett Model 8000) 
early in a recording period of about 2 min. Any changes later during 
the recording period were also noted, but not used in the data to be 
presented. Sometimes the threshold force declined, but more often, 
particularly with high threshold units, the threshold increased during 


the period of recording. 


111.6 Tracking of triangular waveforms 

In order to examine how the firing rate varied with force, 
subjects were asked to track triangular waveforms, while recordings 
were made from a bipolar needle electrode inserted into the first dorsal 
interosseus muscle of the hand. The waveforms were displayed on an 
oscilloscope after summing with a square wave which had a high repetition 
rate (1000 c/s), and an amplitude equal to 6% of the peak-to-peak extent 
of the waveform. The summation produced a visual display consisting 


mainly of two horizontal lines which moved up and down the osci|loscope 
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at a constant rate. The force generated by the subject against a stiff 
tension transducer (compliance = 0.5 mm/Kg) was displayed on the second 
beam of the oscilloscope. The subject was asked to press against the 
force transducer with the lateral edge of his first finger so as to 
keep the torce within the limits set by the horizontal lines. Subjects 
learned this task readily, and were able to keep the force within the 
limits most of the time. The range of forces required to track the 
triangular waveforms varied from 400 g to 1,600 g. The base of the 
triangle was usually adjusted to a level about equal to the passive 
force of the hand resting against the transducer. The standard cycle 
time (the time for one repetition of the triangular waveform) was 10 
sec, but this was varied in later experiments as described under Results 
(Chapter IV). 

Signals from (|) a bipolar needle electrode; (2) surface EMG 
electrodes; (3) the force transducer; and (4) a waveform generator were 
recorded on four channels of an FM tape recorder as described earlier. 
In replaying the signals, each impulse from a single motor unit was 
used to reset a digital counter after shifting the value of the previous 
interval into a simple digital-to-analogue converter for display (Stein, 
1968). Thus, the duration of the last complete interval could be 
plotted, together with the force generated, on two channels of a pen 
recorder. A smooth curve of interspike interval against time was drawn 
by eye, and the following measurements were made from the fitted curve 
(see Fig. 6): 
|. the interspike interval and the force level at which the discharge 


began (note that by using the fitted curve, we smoothed the records 
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Fig. 6. 


Continuous record of interspike intervals from a single motor 
unit (upper tracing) and force (lower tracing) generated by 
the muscle in tracking a triangular waveform which required 

| Kg of effort. The interrupted lines indicate the measure- 
ments made, as indicated in the text, at threshold and at 
predetermined values of force (e.g., 400 and 800 g on the 
rising and falling phases of the force record. The value 

of interspike interval plotted on the pen recorder (to an 
accuracy of +2.5 msec) is that of the preceding interval, so 
the last interval before the unit stopped firing is held, and 
a long interval (> 250 msec) is plotted as soon as the force 


surpasses threshold and the unit again begins to fire. 
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and took into account the first few intervals); 

2. the intervals when the force passed various, predetermined levels 
on the rising and falling phase of the waveform; and 

3. the interval and force level at which firing ceased on the declining 
phase of the triangular waveform. Typically about ten waveforms 
were averaged, and the inverse of the mean interval (mean rate of 


firing) was computed, together with the S.E. of the mean. 


lli.7 Reflex experiments 

The abductor pollicis brevis muscle was used in these experi- 
ments because the reflex effects being studied were best illustrated in 
this muscle. A position on the wrist where the electrical stimulus 
produced maximum contraction of the muscle was first located. A 
stimulating electrode filled with conductive jelly was then fixed at 
this point. Stimulation pulses, 60-100 V (depending on the subject), 
duration 0.2 msec, were generated by a Grass S-8 stimulator at a rate 
of 0.5-I|/sec. The electrical activity of the muscles was recorded with 
surface electrodes, and fed through a Tektronix 122 differential 
amplifier, with the gain set at 100 and the frequency bandwidth 8 Hz to 
| KHz. The potentials were displayed on the oscilloscope viewed by the 
subject, filtered and recorded on an FM tape recorder (Hewlett Packard), 
then rectified and 200 sweeps averaged on |ine on a general purpose 
laboratory computer (LAB-8, Digital Equipment Corp.). While recording 
the EMG from the muscle, evoked potentials are simultaneously recorded 
from the cervical region of the scalp over the hand area of the motor 


cortex (Cracco, 1972) using surface electrodes. The neck, ear and scalp 
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are first cleaned with alcohol. The electrode was attached to the 
scalp using colloidon, and filled with conductive jelly. The contra- 
lateral ear was used as reference electrode. The evoked potentials 
were fed through a Grass P-I5 Preamplifier, with gain set at 1,000 and 
frequency bandwidth 3 Hz to | KHz. After passing through operational 
amplifiers the evoked potentials were displayed on an oscilloscope, 
recorded on an FM tape recorder and either the spinal or cortical 
potential averaged on line. Recordings were made under three different 
conditions. Initially the subject was asked to relax completely and 
the maximum M wave was elicited by median nerve stimulation. Then the 
subject was asked to maintain about | Kg force and finally an attempt 
was made to make volitional effect maximal at the moment when the 
stimulus was applied. The three conditions were repeated often with 
submaximal stimuli. From the data on dectapes and magnetic tapes, the 
following parameters were obtained for each subject: Maximum M, Vj, 


V,, V, (see section VI.3 for explanation of notation) and the amplitudes 


ie 3 
and latencies of the spinal and cortical evoked potentials. The ratios 
Vi Vo V3 ; ¢ 

and were then calculated for each subject. The maximum peaks 
Weave) : i 


of the spinal and cortical evoked potentials and the corresponding 


latencies were also noted. 


Cireuttry: Fig. / is a diagram of the electrical circuit used 
in most of the recording. 122, and 122, are differential preamplifiers 
(Tektronix Type RM-122 Low-level Preamplifiers), gain = 1,000. The gains 
on the operational amplifiers were set so that the inputs to the tape 


recorder and computer do not exceed | V. Operational amplifier O is a 
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low-pass filter, P, non-inverting unit gain operational amplifier, and 
WN is a multiplier/divider. Fig. 8 is the circuit diagram used only for 


the reflex experiments. 
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Fig. 7. Circuit diagram used for recording, the needle EMG, surface 
EMG, and force. Operational amplifier, 0, is a low pass filter, 
P - non-inverting unit gain operational amplifier, and W is a 
multiplier/divider. The computer is a general purpose 


laboratory computer (LAB-8, Digital Equipment Corp.). 
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Fig. 8. Circuit diagram used in reflex experiments for recording EMG, 


and evoked spinal and cortical potentials. Details in text. 
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The results will be presented in two separate Chapters. 
The first set of results in this Chapter IV deals with normal human 
motor units and all the averaging was done using an averager (Biomac 
1000). The results will be presented under the subheadings (I) The 
contractile properties of human motor units during voluntary isometric 
contractions; (2) Orderly recruitment of human motor units; and 
(3) Changes in firing rate of human motor units during linearly 
changing voluntary contractions. This will be followed by a related 
Discussion in Chapter V. 

The second set of results on abnormal human motor units wil! 


be presented in Chapter Vl. 


IV.1 The contractile properties of human motor units during voluntary 
isometric contractions 
Fig. 9 shows the results of averaging the force correlated 


with the impulses from single motor units. The predetection facility 
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of the tape recorder was used together with a delay so that approximately 


10 msec of the force record is seen before the occurrence of the 
impulses from the motor units. In Fig. 9A the force record begins to 
rise sharply after a latency of a couple of msec, and reaches a maximum 
of 0.7 g at a time 45 msec after the beginning of the impulses. The 
time interval for the force to decline from the peak to half its maximum 


value (half-relaxation time) is 25 msec. As seen in the lower part of 
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Fig. 9. Average responses correlated with the discharge of single 


motor units. Shown from top to bottom are the average wave- 
form of impulses recorded by a bipolar needle electrode, 

the average force correlated with the occurrence of these 
impulses, and the cumulative probability of impulses 
occurring within the intervals indicated following the 
impulses at QO. The two parts A and B were recorded from 
different subjects and show units which were firing with 


different mean rates (10.5 and 13 impulses/sec). 
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this figure, subsequent impulses only occurred during this time on 
about 10% of the sweeps, so most of the force changes observed repre- 
sent the largely unfused twitches produced by this motor unit. A 
smal! degree of fusion is indicated by the fact that the tension from 
preceding impulses had not decayed completely (note the slow decline 
of tension before the occurrence of the triggered impulses). 

Sometimes the discharge could not be maintained at low rates 
and the average force had a more fused appearance (Fig. 9B). The 
tension from preceding impulses was still decaying quite markedly before 
the occurrence of the triggered impulses. Subsequent impulses occurred 
commonly after an interval of about 60 msec, so the falling phase of 
the tension record is slowed and does not reach the hal f-relaxation 
point. However, the somewhat higher force (1.5 g) and somewhat briefer 
contraction time (40 msec) are easily measured. In order to check that 
these values did not vary markedly with the rate of discharge from 
single motor units, the contraction time and maximum force were measured 
at two different rates in fourteen motor units (typically about 7 and 
10 impulses/sec). The arithmetic mean ratio of the contraction times 
at the higher rate to that at the lower rate was |.022+0.027 (mean 
+ S.E.) while the ratio of the tensions was |.3540.14 (mean + S.E.). 
The geometric mean for the ratios of maximum tension was |.26. These 
values are not significantly different from unity so that measurements 
of contraction time and twitch tension generated by the motor units do 
not appear to depend strongly on firing rate, despite some degree of 


fusion. 
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Rate limitation: Occasionally, the discharge rate was high 
enough that even the peak tension was unclear. In order to measure the 
twitch tensions and contraction times for such units, and to measure 
the hal f-relaxation times for units such as shown in Fig. 9B, it was 
desirable to select out those portions of the discharge where the motor 
unit was firing at a lower rate. A circuit is described in the Methods 
(Fig. 4) for selecting only those impulses where the preceding and 
succeeding impulses occurred at an interval greater than 7 msec. This 
effectively limits the analysis to those portions of the record where 
the rate of firing is being maintained at below (1,000/7) impulses/sec. 
This rate limiter was of considerable value in analyzing motor units 
from subjects who had no previous experience in controlling the dis- 
charge of single motor units, and for analyzing those motor units, even 
in experienced subjects, which could not be maintained for several 
minutes at a low rate. 

The effect of selecting increasingly long minimum intervals 
is shown in Fig. I0B-D, using the same unit as in Fig. 9B. In Fig. I0B 
no limitation was used, and the trace is similar to Fig. 9B except that 
the duration of the sweep was twice as long. Generally a value of 7 
could be selected (Fig. !0C) where (I) the tension fell well below the 
maximum value before the occurrence of later impulses; and (2) the 
tension preceding the triggered impulses was not significantly altered. 
In this way accurate values for the contraction time and twitch tension 
could always be obtained. The values of the hal f-relaxation time (30 msec 
in Fig. 10C) were more difficult to obtain (see also Stimulation below). 


A further difficulty is illustrated by the bottom trace (Fig. 
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Average forces correlated in time with the discharge of the 
Single motor unit shown in A (same unit as in Fig. 9B). No 
limitation of rate was imposed in B. In C and D impulses 
which occurred with preceding and succeeding intervals 

shorter than 65 msec and 70 msec respectively have been 
excluded using the rate limiter (Fig. 5). Further explanation 


in text. 
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10D) in which an ine teases negative slope is observed even before the 
triggered impulses occurred. This trace was obtained from the fraction 
of impulses where both the preceding and succeeding intervals were 
longer than 70 msec. Spontaneous slow fluctuations in force were 
generally seen and the longest intervals were apparently more common 
when the mean force level was s:owly declining (see also Clamann, 1970). 
Because of these difficulties half-relaxation times could only be 
measured in a fraction of the units studied. 

The observation of trends in the data with extreme rate 
limitation raises the general question of the effect other motor units 
have on the average values measured for a given motor unit. To 
demonstrate that these average values represent the contractile proper- 
ties of single motor units, one must show that the tmpulses from other 
motor untts did not tend to occur grouped together tn time with those 
from the stngle motor untt betng studted (synchronization). Therefore, 
we examined the degree of synchronization between motor units in this 
muscle under the conditions of our experiments in three ways by (1) 
stimulation experiments; (2) averaging the total activity recorded 
with the surface EMG which was correlated in time with the impulses 
from a single motor unit; and (3) measuring the cross-correlation 
between the firing times of two motor units recorded simul taneously 
by separate needle electrodes. These results will be examined in turn 


in the next three sections. 


Stimulation: |n several experiments the needle electrode was 


carefully positioned so as to record the largest possible signal froma 
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single motor unit. The average force correlated with the impulses from 
the motor unit was measured in the usual way (Fig. |1B and C). Then 

the bipolar needle electrode was connected to a stimulator and stimuli 
having a duration of 0.1 msec were applied. Such brief stimuli tend to 
excite nerve branches rather than single muscle fibers. As the intensity 
of the stimulus was increased, all-or-none increments were recorded by 
the surface EMG which were similar in size to motor unit potentials 
recorded during voluntary contractions. Sometimes a small all-or-none 
twitch could also be seen by careful observation of the skin over the 
muscle. The response to stimulation at a low rate (less than 2/sec) 
could be averaged and the time course of the tension changes produced 

by the stimuli could be measured (Fig. IIA). In the absence of 
observable EMG responses no average tension changes were found. The 
average tension produced by Fert strong enough to generate the first 
increment in the EMG represents the twitch tension produced by a single 
motor unit (Buchthal & Schmalbruch, 1970; Sica & McComas, 1971). Note 
the similar size and time course of the twitch tension evoked by stim- 
ulating a single motor unit and the average tension correlated with the 
spontaneous discharge of a motor unit in the same location in the muscle. 
On several occasions when stimulation was attempted, good agreement with 
the twitch tensions measured during a voluntary contraction was obtained 
(as in Fig. I1). On other occasions the stimulated twitch did not 

agree with the average tension which was correlated with the discharge 
of motor units recorded at that site by the electrode during voluntary 
contractions. This variation in different experiments was expected 


since the nerve branch closest to the electrode may be the one going to 
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|[!. Comparison of the average twitch (A) produced by stimulating 
a single unit and the average force (B) correlated with the 
impulses from a single unit (C) recorded at the same location 
in the muscle. The traces have been aligned so that the 
stimuli producing A occurred at the same point in the trace 
as the recorded impulses in C. Evidence is presented in the 


text that a single unit was being stimulated. 


the motor unit being recorded or i1 may merely pass by the electrode to 
innervate a motor unit some distance away. However, if the average 
during voluntary contractions actually measured the tension produced by 
the nearly synchronous discharge of several motor units, the twitches 
produced by stimulating single units should often have been markedly 
smaller. No such difference between stimulation and voluntary acti- 
vation was observed. 

With further increases in the stimulus, other all-or-none 
increments could be seen. Fig. |I2A shows the response to stimulating 
a smal! number of motor units when there was a minimal voluntary con- 
traction. Fig. |12B gives the response to the same stimulus applied 
during a voluntary contraction of 350 g. The contraction time and the 
twitch tension are similar, but relaxation occurs more rapidly. The 
falling phase in Fig. |12B extends below the baseline before slowly 
returning to the original level. This phenomenon is probably a reflex 
effect as will be discussed later. Evidence that it was not purely 
mechanical in origin is presented in Fig. I3. The top trace shows that 
stimulating a few motor units in another subject also produced a con- 
traction, then a relaxation below the previous level, followed by an 
oscillatory return to this level. The surface EMG was also being 
recorded in this experiment and is shown in the middle trace after 
rectification and filtering (see Methods in Chapter |I11). The two 
sharp peaks in the EMG (which actually go off scale) represent the 
stimulus artefact and the direct response to the stimulus. This res- 
ponse produced a small additional force of just over 2 g with a con- 


traction time of about 40 msec. Each successive maximum or minimum in 
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Fig. 12. Gompaini sonof) Theyaverage, tensions, produced, bys timulatinoeat 
|.7 c/s before (A) and during (B) a voluntary isometric con- 
traction of 350 g. Note the more rapid relaxation and under- 
shoot in B. The left edge of the time scale indicates the 


time of stimulation. 
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Fig. I3. Average tension (top trace) and average rectified surface EMG 
(middle trace) produced by stimulation of a few motor units 
during a voluntary contraction of 400 g. 


a reference zero for the rectified EMG. Note the |0 Hz 
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the tension follows a corresponding maximum or minimum in the surface 
EMG with a similar latency. The results shown in Figs. |! to 13, 
irrespective of their interpretation, suggest (|) the values of twitch 
tension and contraction time obtained during voluntary contractions are 
reliable measures of the twitches obtained from single motor units; and 
(2) the measured values for half-relaxation time during voluntary con- 


tractions may underestimate the true values. 


Correlatton with the surface EMG: Although the stimulation 
studies above suggest that the early time course of the force generated 
by single motor units can be measured simply by averaging, the results 
are not conclusive. In fact, the oscillations produced by stimulation 
(Fig. 13) represent a slight tendency toward synchronization in the 
discharge of motor units. Therefore the correlation was measured 
during voluntary activity between the timing of impulses from single 
motor units and of impulses from the whole population of motor units 
recorded by surface electrodes. Typical results from two subjects are 
shown in Fig. 14. The waveforms recorded with surface electrodes 
(second traces from top in Fig. 14) were of longer duration than those 
from needle electrodes (top traces) as commonly observed. In Fig. I4A 
the peaks in the rectified (third) trace were coincident with and agree 
in magnitude with the occurrence of the waveform in the unrectified trace 
(see also Fig. 5 in Methods in Chapter |11). However, for all six units 
of another normal subject (Fig. 14B) a period of increased activity was 
evident in the rectified EMG extending approximately 10 msec before and 


after the occurrence of activity in the unrectified trace. This 
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Fig. 14. Surface EMG associated with the impulses recorded by a 
bipolar needle electrode. The traces from top to bottom 
show (|) the average impulse from a single motor unit 
recorded by a needle electrode, (2) the average unrectified 
surface EMG associated with the impulses, (3) the average 
rectified surface EMG, and (4) a reference zero for the 
rectified signal. A and B are typical records from two 
different subjects. Note that the rectified surface EMG 

in B, but not in A, remains higher for about |I0 msec before 
and after the occurrence of the impulses in the unrectified 
trace. This indicates that other motor units were tending 


to fire more often during this period in synchrony with the 


discharge of the motor unit recorded by the needle electrode. 


oe) 


8 yd bebiese7 2ezlugni ert ftin betsiocees OMA epstw2  .Bleagla 
mottod of got mott 2e926e7t etl .ebovtoels elbsen aslogid . » ~ 
tin aotom alpnie s mont selugm| epeteys oft (1) woke  - situ = 
beititoeiny sperevs oft (S) .abortonle s|been 6 yd bebIODey 59 me 
opeiove edt (2) ,2e2luqm? sit Atiw betelsozes,OMs sostwe aay 
ait aot ores eonsister 6 (4) bas .IMa eseiwe beltitoen, 9 9 
owt mont 2bjo987 Isciqyt e16 5 bos A .lenpie beltitoen 
BME saptwua bel Ftoes et ted? otoM .etseidue tenth cog ehh 7 
‘soted oeam 01 ieee f ee Ani too tud ni onl 
piven o4 phadeaneabinng as jetts bra. gage 


56 


indicates a tendency for other motor units to discharge near the time 
of impulses from the motor unit being studied. The force correlated 
with the discharge of single motor units in this subject was also 
several times larger at all force levels than in any other subject. 

For forty-five units from six subjects we measured the area 
in the rectified EMG trace (see dotted area in Fig. 5) which was 
(1) above the steady level due to the ongoing activity of other motor 
units; and (2) above the voltage levels found in the unrectified trace. 
This extra area was expressed as a percentage of the area measured for 
the single unit on the unrectified trace (see Fig. 5B). In most of the 
subjects this extra area was minimal (well within the limits (< 10%) 
expected from partial summation according to Fig. 5). However, for the 
subject shown in Fig. 14B, the extra area was two or more times the area 
due to a single unit in five of the six units studied. We must conclude 
that in this subject there was a definite grouping of motor unit activity 
during normal isometric contractions. One other subject might have had 
a slight tendency for grouping of motor units. The extra area measured 
for eleven motor units in this subject was 19+3% (mean + S.E. of the 


mean) which is somewhat higher than expected from partial summation. 


Cross-correlattons between motor untts: The surface EMG and 
stimulation studies reported above indicate strongly that in most 
subjects the impulses from single motor units are remarkably independent 
of those from other units in the muscle. In other individuals, who can 
be identified by recording the surface EMG, several motor units may tend 


to discharge more or less synchronously. To get further insight into 
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the mechanisms involved in this synchronization, the cross-correlations 
between motor units recorded on two separate bipolar needle electrodes 
were measured (see Methods, Chapter I!!). This was done for eleven 
pairs of units in two subjects, one of whom had shown evidence of 
synchronization from the surface EMG recordings (Fig. 14B). A typical 
histogram for the cross-correlations between impulses from two units in 
this subject is shown in Fig. I5 (A vs B) together with the auto- 
correlation histograms for each unit separately. The autocorrelation 
histograms are often helpful in interpreting any periodicities observed 
in cross-correlation histograms (Moore et al., 1970). The successive 
peaks in the autocorrelation histograms of Fig. I5 merely indicate the 
times at which the next and subsequent impulses occurred most commonly, 
measured from the time at which an impulse occurred to start the sweep. 
The cross-correlation histogram on the left of Fig. 15 is flat except 
for the obvious increase in a few bins just around zero time. Such an 
increase was observed in all five pairs of units examined from this 
subject, and again indicates the tendency for motor units to fire more 
or less synchronously. The implications of this result will be con- 
sidered in the Discussion in Chapter \V. 

The second subject showed no significant correlations between 
the six pairs of units examined, although a small tendency for a peak 
near zero was observed in one or possibly two pairs of units (Fig. 1I5, 


Cvs 0). 


Frequency response: Another important property of motor units 


and whole muscles is their ability to respond to fluctuating signals 
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Fig. 15. Autocorrelation and cross-correlation histograms for pairs 
of units recorded simultaneously on separate needle elec- 
trodes. The autocorrelation histograms for units A and B 
have peaks at intervals where the next and subsequent 
impulses are generated following the impulses which begin 
the sweeps. The prominent peak near zero time in the cross- 
correlation histogram for these units indicates a tendency 
for impulses in the two motor units to occur nearly synchron- 
ously. Data from the same subject as in Fig. 14B and I5B. 
The cross-correlation histogram from another subject (units 
6G vs Diyishowed, .at/most,narstatisticailyrinsignifacant) peak 


near zero time. Further explanation in text. 
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which are found in normal behavioural movements and in tremor. The 
simplest way to predict the response of a linear system to signals of 
various frequencies is to take the Fourier transform of the response to 
a brief stimulus (impulse response). For a muscle the response to an 
impulse is the twitch, and the Fourier transform of the twitch can now 


be conveniently obtained using the Fast Fourier Transform algorithm 


)) 


(Cooley & Tukey, 1965). However, muscles show well-known non-|inearities, 


such as a fused response to high (tetanic) rates of stimulation. There- 


fore, the frequency response obtained from the twitch may not be 


applicable to more natural conditions, where the motoneuron is producing 


a somewhat irregular series of partially fused contractions. Nonetheless, 


at various physiological rates of activity, linear models have been 
shown to account for most of the data obtained in experiments where 
muscles are stimulated with sinusoidally varying (Rosenthal et al., 
1970) or randomly varying stimulus trains (Stein et al., 1972). The 
train of impulses produced naturally by a single motor unit during 
voluntary contractions contains a wide range of frequencies, and it 
is possible by spectral analysis to measure that part of the tension in 
the muscle which is linearly related to each frequency component con- 
tained in the train of impulses (see Methods, Chapter I11). Therefore, 
the linear frequency response provides another way to compare at least 
the linear behaviour of motor units during stimulation and voluntary 
activity: 

Fig. 16 shows the amplitude of the frequency response (often 
referred to as gain) for a single motor unit measured by spectral 


analysis on a log-log plot (Bode plot). The solid line is the curve 
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Frequency response for a single motor unit during a voluntary 
isometric contraction. The gain measures the change in g for 
each impulse/sec modulation in firing rate of the motoneuron 
at the frequency indicated. The solid curve is the gain 
expected for a critically damped, linear, second-order system 
with a low frequency gain of |.6 g-sec/impulse and a natural 


frequency of 3 Hz (D'Azzo & Houpis, 1966). 
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expected for a critically damped, second-order linear system (e.g., a 
suitably chosen mass, spring and dashpot would be an example of such 

a system). Three parameters which characterize a simple second-order 
system are its gain at low frequencies, Go, it natural frequency, ter 
and its damping rario, ¢ (this ratio is | for a critically damped 
system). The other fitted values are given in the caption of Fig. 16. 
Note that the response amplitude falls off sharply beyond the natural 
frequency, even on a log-log plot. For a second-order system the slope 
on such a plot approaches -2, which indicates that the response 
amplitude falls off as |I/f? at high frequencies. The gain is already 
reduced by more than an order of magnitude at a frequency of 10 Hz. 
These results indicate that the contractile properties of human motor 
units will be a strong factor in limiting the component of physiological 
tremor near this frequency (Schafer, 1886; Hammond, Merton & Sutton, 
pE56 aL ippora, 970). 

For twelve units recorded during voluntary activity the mean 
natural frequency was 2.4 Hz (individual values ranged from !.4 to 5 Hz), 
and the mean damping ratio was |.2 (values ranged from |.0 to 2.0). In 
ten experiments one or more motor units were stimulated, and the 
frequency response was obtained from the Fourier transform of the 
twitch. The damping ratios were similar (mean = 1.2; range = |.0 to 
1.5), but the natural frequencies measured during stimulation were 
generally higher (mean = 5.6 Hz; range = 4 to 7 Hz). Both methods 
contain possible errors and limitations, so the significance of this 


difference is uncertain. It will be considered further in Chapter V. 
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IV.2 Recruitment of human motor units 
Table | summarizes the measured values for the contractile 
properties of 145 motor units from the first dorsal interosseus muscles 


in the hands of three adult, male subjects. 


Twitch tenstons: The mean values for twitch tension are 
somewhat smaller than those found for extensor hallucis brevis of the 
foot (5.5 .g; Sica & McComas, 1971), the only other human muscle which, 
to my knowledge, has been investigated in detail. However, the actual 
forces generated by the motor units will depend to an unknown extent on 
the series elasticity, the angle and the point of insertion of the 
fibers relative to the point of recording. Anatomical details were 
obviously not available for the subjects studied, but Feinstein et al. 
(1955) report that all muscle fibers in the muscle appear to run the 
entire length of the muscle. 

More important than the absolute values is the histogram 
shown in Fig. I7A which gives the relative number of motor units with 
various twitch tensions. A wide range of twitch tensions was found, 
but small units were much more common than large units. Since the 
standard deviations (S.D.) of the observations in Table | are comparable 
+o the mean twitch tensions, a nearly exponential distribution might be 
anticipated. This is a good approximation to the data, as shown in 
Fig. 17B. Because of the small numbers of large motor units, the data 
were grouped into increasingly large bins in Fig. 17B at high twitch 
tensions. (For the purposes of curve fitting the standard deviations 


of all points should be comparable.) The fitted line indicates that the 
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TABEE | 


Subject|Twitch Tension|Contraction Time|Hal f-Relaxation|Recrui tment 
(msec) Time (msec) Threshold (q) 


Ree AZ.8-+ V0.3 269° + 509 
(72) (68) 

RA 44.9 + 14.6 493 + 460 
(16) (46) 

A.M. Ok eal) 352 + 346 


(6) (31) 


Contractile properties of motor units for three subjects. In each case 


the mean + S.D. of an observation is listed with the number of obser- 


vations (N) in brackets. 
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Number of motor units, plotted on a linear scale (A) and on 

a logarithmic scale (B), having the twitch tensions indicated. 
The numbers from each of the three subjects are indicated on 
rig. sli andeF ligval8 slethe distciburlons: ares imirkar.tortal| 
three subjects. The computed best fitting line on the semi- 
log plot of B indicates an approximately exponential relation 


between number of motor units and twitch tension. 
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probability of finding motor units of a particular size is halved for 
every |.2 g increase in twitch tension. A similar, highly skewed 
histogram was found by McPhedran et al. (1965) for medial gastroc- 
nemius muscle of the cat. More symmetrical histograms were obtained 
by stimulating motor axons to soleus muscle in the cat (Wuerker et 
al., 1965) and extensor hallucis brevis in man (Sica & McComas, |971). 
Fig. |18A shows a histogram of the number of additional motor 
units which were recruited within a range of 100 g at different levels 
of voluntary contraction. A wide range is again observed, but the 
largest number were recruited at low force levels. Over half of the 
units were recruited at below 200 g, even though with the fixation 
used (see Chapter |11), the subjects could exert well over 2 Kg (the 
maximum force measurable with the transducer). The significance of 
this distribution, which is similar to that found during reflex stimu- 
lation in cats (Henneman, Somjen & Carpenter, 1965) will be discussed 
later in Chapter \V. 
Individual values of twitch tensions for motor units from 
ene subject are plotted in Fig. 19 as a function of The Threshold force 
for recruiting each motor unit. Both variables cover roughly a 
hundred-fold range, and logarithmic coordinates have therefore been 
used for both ordinate and abscissa. The best fitting slopes for these 
plots (in the sense of least mean square deviation) were close to unity 
for all three subjects (mean slopes + S.E. of the mean were 0.945+0.065, 
0992270. 086" and! 170440. 12). ~Thissindicates anneariyiiinearerelationship 
between twitch tension and threshold force over this entire range. The 


linear correlation coefficients were all greater than 0.8 which is 
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Histograms of the numbers of motor units which were 
recruited at different levels of force (A) and which 


had the contraction times shown in B. 
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Twitch tensions produced by single motor units in one 
subject (R.B.S.) as a function of the force at which the 
motor units were recruited. The filled circles in Fig. 19 
and Fig. 20 are measurements from single experiments. The 
computed best fitting straight line shown on this log-log 
plot had a slope close to unity, indicating a nearly linear 


relation between these two variables. 
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highly significant. Thus, there appears to be an orderly recruitment 
of successively larger motor units during increasing human voluntary 
contractions, as has been found during reflex studies in animals 
(Henneman, 1968). This orderly recruitment has been observed in al| 


normal subjects examined (more than thirty) to date. 


Time course of the twitch: Fig. |I8B shows a histogram of the 
number of motor units with different contraction times. The range of 
contraction times was from 30 to 100 msec in these subjects, and the 
mean contraction times in Table | were close to the values obtained by 
single maximal stimuli applied to the muscle (between 55 and 60 msec). 
No clear division between fast and slow twitch motor units was found, 
but over 80% of the units had contraction times less than 70 msec, and 
might be classified as fast twitch motor units (Sica & McComas, 1971). 

There was a definite tendency for the frat units recruited 
(Fig. 20A) to contract more slowly than those recruited at higher levels 
of force. The fitted straight line for this subject had a linear 
correlation coefficient of 0.6 which was highly significant. Similar 
results, although with a somewhat weaker correlation, were obtained 
when contraction time was plotted as a function of the twitch tension 
developed by individual motor units. Some correlation would be expected 
from the observed relation (Fig. 19) between twitch tension and the 
threshold force for recruitment. The same trends were observed for the 
other two subjects, although the decline in contraction time with 
increasing threshold was only significant at the 5% level in one subject 


and was not significant in the other subject. 
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Contraction time (msec) 


Half-relaxation time (msec) 


20 200 2000 
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Contraction times (A) and half-relaxation times (B) for single 
motor units in one subject (R.B.S.) as a function of the force 
at which the motor units were recruited. The computed best 
fitting straight lines on these semi-log plots had slopes 


significantly different from zero at the 1% (A) and 5% (B) 


levels of confidence. 
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Values for the half-relaxation times of motor units could only 
be measured for about 30% of the units studied using our techniques, and 
the values could have been influenced by several factors (enumerated in 
Section IV.1). Some tendency was observed for the units recruited at 
higher thresholds to have shorter half-relaxation times (Fig. 20B), but 
the best fitting straight line had a slope which was only significantly 


different from zero at the 5% level. 


IV.3 Changes in firing rate of human motor units during linearly 
changing voluntary contractions 

After determining the contractile properties and the threshold 
force for recruitment of a motor unit as described in the previous 
section, an attempt was made to measure the variation in firing rate of 
these units with the level of a voluntary contraction. Subjects were 
asked to apply sufficient force to track a triangular waveform displayed 
on an oscilloscope (see Methods, Section II1.6). The force actually 
applied was measured by a stiff transducer and displayed continuously 
on the same oscilloscope for comparison. Fig. 21 shows a sample of the 
force applied by a subject in such an experiment, together with a 
continuous record of the interspike intervals and the measurements made 


from these records (see Section !|11.6). 


Firing rate of motor units: Fig. 22 shows the averaged data, 
from over ten triangular waveforms, for firing rate as a function of 
force during a voluntary contraction. The symbols indicates by +'s 


represent the threshold values at which the units began and ceased to 
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Continuous record of interspike intervals from a single motor 
unit (upper tracing) and force (lower tracing) generated by 
the muscle in tracking a triangular waveform which required 

| Kg of effort. The interrupted lines indicate the measure- 
ments made, as indicated in the text, at threshold and at 
predetermined values of force (e.g., 400 and 800 g on the 
rising and falling phases of the force record. The value 

of interspike interval plotted on the pen recorder (to an 
accuracy of +2.5 msec) is that of the preceding interval, so 
the last interval before the unit stopped firing is held, and 
a tong. interval (> 250 msec) Is plotted as »soon' as the force 


surpasses threshold and the unit again begins to fire. 
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Firing rate of two motor units at threshold (+) and when 
passing predetermined force values (®) during increasing 
(arrows directed upward to right) and decreasing (arrows 
directed downward to left) voluntary contractions. The 
extent of all symbols gives the standard errors about the 
mean values indicated from tracking over ten cycles of a 
triangular waveform. The straight lines were chosen to give 
the least mean square deviation from the data points at the 
predetermined force values. (Correlation coefficients al | 

> 0.98.) The parameters used to specify these straight lines 
are the slopes and the firing rates extrapolated back to zero 
Voluntary torces = The waiting? rarss! aim hemi Shcept. Cannot, oT 
course, be measured directly, because the units shown ceased 


firing at a mean threshold of (A) 90 g and (B) 545 g. 
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fire on average. Both units shown began to fire at a slightly higher 
rate than the rate observed just before they became quiescent (see also 
Clamann, 1970). This was true for twenty out of the thirty-one units 
studied; the mean difference was only 0.8 impulses/sec, but this was 
significantly different from zero at the 1% level of confidence. The 
average of the two measurements of threshold rate for all the units 
studied was 8.4+|1.3 impulses/sec (mean + S.D. of an observation). 
These values agree reasonably well with the "onset intervals" (142+39 
msec) measured by Petajan and Philip (1969) for this muscle. The mean 
firing rate did not depend significantly on the threshold force at 
which the unit was recruited, although a dependence has been reported 
in adductor pollicis and abductor digiti minimi brevis by Bigland and 
Eippoehd (1954) cand)in brachial bicepsyby Clamann) ¢1.970)s 

Once they became active, both units shown increased and 
decreased their firing rate in quite a linear fashion as a function of 
the force generated by the whole muscle. The calculated best fitting 
straight lines are shown in Fig. 22 for the data from the rising and 
falling phases of the tension waveforms. Straight lines typically 
fitted the data extremely well (linear correlation coefficients were 
nearly all well above 0.9), though the best fitting line for the falling 
phase was often shifted (Fig. 22A) or had a somewhat different slope 
Chigs 228) from thatafern theprising phase: 

These straight lines can be characterized by two parameters: 
(1) the slopes, which give the increase in firing rate for each 100g 
increase in the force generated by the whole muscle; and (2) the inter- 


cepts, which give the rates of firing extrapolated back to zero force, 
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the region of extrapolation below the first data point for a particular 
condition is indicated by interrupted lines in Fig. 22. Fig. 23 gives 
the values of these parameters as a function of the threshold force for 
recruitment. Although the higher threshold unit in Fig. 22 has a 
steeper slope than the lower threshold unit, this trend is very weak in 
general and was not statistically significant. Units with all threshold 
values tended to increase their firing rate about |.4+0.6 impulses/sec 
(mean + S.D. of an observation) for each 100 g increase in the level of 
voluntary contraction. 

A relation is seen (Fig. 23B) between the intercepts and the 
threshold level of voluntary force required to recruit a motor unit. 
As indicated in Chapter V, this relationship suggests that rate coding 
becomes increasingly important at higher thresholds. This hypothesis 
will be examined in detail later (see Recruitment vs rate coding), but 
first we must consider how the firing rates depended on the speed of 
contraction, and how effective these rates are in generating force. 


The next two sections deal with these questions. 


Speed of tsometrie contraction: |n contrast to the linear 
relationship between firing rate and isometric force observed, various 
non-linearities have been reported during nearly steady-state measure- 
ments (see Discussion in Chapter V). Therefore, it was necessary to 
determine what effects the speed of an isometric contraction had on the 
firing rates of single units. Subjects were asked to track triangular 
waveforms with different cycle times varying from 2 sec (0.5 c/s) to 


bor sec (0.072 c/o). 
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Slopes (A) and intercepts (B) of best fitting straight lines 
(determined as shown in Fig. 22). Data for 3l units from the 
three subjects (indicated by different symbols) have been com- 
bined. The slopes did not change significantly with the 
threshold for recruiting a unit (correlation coefficient = 
0.12), but the intercept did (correlation coefficient = 0.86). 


The implications of this result are discussed in the text. 
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Fig. 24 shows typical results for a sinale motor unit which 
was studied using triangles with three cycle times. Using the standard 
cycle time (10 sec), the firing rate increased quite linearly with 
force from its threshold near 600 g to the top of the triangular wave- 
form at 1,600 g. However, with shorter cycle times the unit became 
active earlier and at a higher rate. Only beyond a value of 600 g did 
the firing rate increase substantially, and then to only slightly higher 
rates than those reached with the 10 sec cycle times. Thus, a positive 
curvature (second derivative > 0) is seen. A tendency for an initial 
discharge at constant rate, and the resultant positive curvature, was 
observed for each of the four units studied using waveforms with cycle 
Times OT 2 or B) sec. 

A different type of non-linearity was observed with long cycle 
times. The unit in Fig. 24 became active at a somewhat lower firing 
rate, and increased its rate rapidly until a "plateau" rate was reached 
(about 15 impulses/sec). A negative curvature (second derivative < 0), 
such as seen in Fig. 24, was observed in four out of the six units 
studied with triangles repeating every 20 or 50 sec. This type of non- 
linearity has been observed in many steady-state experiments (e.g., 
Bigland & Lippold, 1954; Dasgupta & Simpson, 1962; Clamann, 1970). 
Interestingly, neither non-linearity was as apparent on the falling 
phases of the triangular waveforms (Fig. 24B). If brackets indicating 
the standard errors about the mean values had been included, they 
would have overlapped considerably for all three repetition rates. 

Motor units will become active at a lower force level than 


that at which they become inactive simply due to the fact that the 
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Mean firing rate of a single motor unit during the rising (A) 
and falling (B) phases of the voluntary force produced by a 
subject while tracking triangular waveforms which repeated 
onceseveryn2, 10! or) 20sec.’ The nonlinearitiessseen) in A 


with the shortest and longest cycle times are discussed in 


the text. 
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tension must inevitably lag the discharge of the motor unit by 50 to 

150 msec, depending on the time course of contraction. These contractile 
delays become increasingly significant, the shorter the cycle time. 
However, the differences observed were often far longer than 50 to 

150 msec, and could also be due to adaptation of the motoneurons (see 
Discussion in Chapter V). In the sample of thirty-one units studied, 
approximately 2/3 ceased firing at a higher force level than that at 
which they had become active. Despite the higher force levels on 
average, 2/3 also fired at a somewhat lower rate just before becoming 
inactive than their initial rate just after becoming active (see 


Firing rate of motor units). 


Stimulatton: To determine the effectiveness of various 
firing rates in generating force, the first dorsal interosseus muscles 
of two subjects were stimulated by means of (I) surface electrodes 
placed over the ulnar nerve; (2) surface electrodes placed directly 
over the muscle itself; and (3) a bipolar needle electrode (similar to 
those used for recording) which had been inserted into the muscle. 
Maximum voluntary contraction, against a stiff transducer capable of 
measuring up to 10 kg of tension, produced forces which agreed reason- 
ably well with maximum tetanic stimulation of the ulnar nerve with brief 
pulses (0.1 msec). The maximum twitch produced by ulnar nerve stimu- 
lation was up to twice that generated by direct stimulation of the 
muscle, which suggests that up to half of the force recorded could have 
been generated by other muscles. However, direct muscle stimulation 


using longer pulses (2 msec) proved quite painful even at submaximal 


ae: “ow Saw oy 


ot 08 yd tiny Jotom ett to epredbelb ett eel vide 
eiitaeitnes esedT .noitsevines to eewso enlt edt ie 
emit elayo edt aetione ent ,tnssitingle Yienieses 

ot 02 narit yegnol q68t nefto eTSK seid arene wt 0 

se2) enowuenotom sit to noltetgebs ot sub od ole, blued bas: 

\balbute 2tinu éno-ytridt to slgnse edt nl «tv vetgedd ni 

+e ted nent (6vel 3900) aeXpid s te on loi? beesso 21S 

no level sorot sarqin edt etiqeed -avitoe emozed bed yedt 

onimosad eioted teu, ster tewol terwemoe 5 TS bev onhl 218. 

age) avitos pnimooed settee teu, etm lettin tert neat evitosnt 

(ators socom Yo sivt wet 

Pr 

euoltav 1p eeenevitsette edt onimatab oT :nobtpisaneee | 

esloeum eusezoretni |setob testi? eft .so10t ernttimreemety al 2etey gniait 

eaboitosle esstaua (1) to ensem vd betelomite een ztoe| due “a 

 yvitosnib beoslq eebottodle eostqwe (S) zsvien Tenly edt eve 7 

ot aslImi2) sbottoslo elbeen asloqid 6 (2) bns ;tleeti eloaum ee 

-oloaum ert otnt betreent need bsd datdw (onibrose7 70% ‘beau. aeont 

fo 9lded6> tedubens71t iitte 6 tenispe wnoitoetinos yretnulov 

«nos6e7 besips doinw 2ea1? beoubong ,nolenet toe gy 01 ot qu 

tend diag evrsn Jentieert to oo ainstet mumixem dtiw | 


, 


79 


levelS, so we could never be certain that direct stimulation achieved 
full activation of the muscle. 

Part of the muscle could be stimulated indirectly with little 
pain by inserting a needle into the muscle as described in Section IV.1. 
The needle was manipulated until part of the muscle could be stimulated 
selective'y by a brief stimulus (0.1 msec) and a voltage less than 10 V. 
The needle presumably was then positioned close to a part of the nerve 
supplying the first dorsal interosseus muscle. The voltage was varied 
until a constant contraction was produced by each stimulus, and then 
various rates of stimulation were applied. At all times the surface 
EMG produced by the stimulus was monitored and data were only accepted 
if the surface EMG did not change in amplitude as the rate of stimulation 
was varied. 

Fig. 25 shows the tension produced by different rates of stim- 
ulation applied intramuscularly. At rates up to 10 c/s the tension was 
relatively unfused. The peak-to-peak fluctuations in tension and the 
contraction were almost as large with stimulation at 10 c/s as at |.7 
c/s. This provides further evidence for the validity of the measurements 
of twitch tension and contraction time (Section IV.1) from the maintained 
discharge of a motor unit evoked voluntarily at rates below 10 impulses/ 
sec. Fig. 25 also shows that the major increase in tension occurs at 
rates between 10 and 20 c/s with relatively little increase as the res- 
ponse becomes more fused at higher rates of stimulation. 

Fig. 26 compares the force produced in a different subject by 
various rates of maximal stimulation applied to the ulnar nerve (Fig. 26A), 


or submaximal stimulation applied intramuscularly (Fig. 26B). In both 
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Fig. 25. Tension produced by submaximal stimulation at the rates in 
c/s indicated. The stimuli were applied through a bipolar 
needle electrode inserted into the muscle, and the EMG was 
monitored to ensure that the same number of motor units were 


being stimulated at each rate. 
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Force generated by stimulating the ulnar nerve maximally (A) 
or by stimulating intramuscularly through a needle electrode 
(B). The vertical extent of the symbols represents the peak- 
to-peak fluctuations about the mean values indicated (filled 
circles). Several rates have been repeated twice. Two linear 
approximations to the data points (solid and interrupted lines) 
are described in the text, although the data appear to lie 


along a non-linear, sigmoid curve. 
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subjects tested the twitch/tetanus ratio was higher for ulnar stimulation 
(O25 m0 sho Thanyfor sinhramdscular shimulationetOalS, sGel2Qka <The siq- 
moid shapes of the two curves are otherwise similar despite the fact that 
the maximal ulnar nerve stimulation produced over thirty times as much 
force as the intramuscular stimulation via the needle electrode. Sigmoid 
curves of this type are generally found, although Bigland and Lippold 
(1954) were able to fit their data from human subjects by a straight line 
over most of the physiological range. Two linear approximations are 
shown in Fig. 26. The first (solid lines) is based on the area under the 
twitch in g-sec. If the muscle behaved linearly, each stimulus would 
produce an equal contribution and the force in g at any rate of stimu- 
lation could be obtained by multiplying the g-sec generated per stimulus 
by the number of stimuli/sec. This prediction is only fulfilled for 
stimulus rates up to 5 or 10 c/s. Above these rates the tension 
increases considerably faster until the tetanic tension is approached. 
The second linear approximation (interrupted lines) assumes 
that the muscle can be treated as a critically damped second-order 
system. This has proven to be a good approximation during partially 
fused contractions for soleus muscle of the cat (Mannard & Stein, 1973) 
and for the present muscle as described in Section |IV.|. The force 
expected can be computed if any two parameters of the twitch are known, 
Sugmeethestwiteh tensloneand contraction time (see Section /1.5). The 
second approximation appears to give a better fit to the data, but it 
may overestimate the force due to recruitment (which occurs at about 
8 impulses/sec) and underestimate the changes due to rate coding over the 


normal, physiological range (8 to 20 impulses/sec) which represents the 


38 a 7 - \ . 7 7 


neltelumite solu 70? ‘sitet 2ew cits? evastot\is 
~pl2 edT . (54,0: ,27.0) notte lumit = se lecncbiehonatet 1OF 
tent toe? eft stiqesbd taltmie salwierto ets 2eyw> anign 
foun 2s emit ytrint qeve tssyborg noitslumite evien tenlw 


biompi2 .eboitssle elbesr ent siv noltelumite reliseumettAl eft es D108 
bleqgit bas brs!pi@ douoAtis ,bauo? i lerenap ste eqyt eldt to e es : 
enll tdpisvta 6 yd etoaidue nemud mor? sted aledt t1* of side etew ¢ 
576 enoltsmixergd6 assnil owl .epns lesigololeyaq eft to teal A an 
eft asbhu sets sct i beasd 2] (2eni! biloa) teyit adT .aS bia ate - a 
biuow 2ulumite dose .ylasent! bavered slsaum om +1 .c@a-p al eid a 
-unite to etsa ynés te p ni sotet eft er nottudintnes isupe ns 5ub07: 
evlumite 198q bette ransp see-p srt Sateroream yd benlstde ed tives ne 
vot DoNITFIUY ¥ino 2) najfolberg 2idT .o82\ilumite to red Si 
noienst sit estat overt avodA .2\5 01 40 @ of qu gefs7 aut 
berosoiggs 2] nolenet cimstet ot litnu settee? yidereblenco ese 
zomuzes (ganil betquiretni) noitemixorggs teéenl! bAosee sAT 


tebIo=bneose beqmeb y!lsoitino 6 26 betéert od nso elseum eft tent 


¥I isit16q pninub noitsmixoiggs boop s 9d of nsve7g eed etaT om te" 
(Qf) .niste & b1eqnsM) tes sft to slozum aveloe 70% enoltosrtneg bi 
eset aft .taV! nottve? nb bodiqa2ee ap alaaum treeetg, ott 19% Be 


i- 


won ate dotiwt edt to ereteme sq owt iat +i batugnes sd neo bets _ 


’ a 


edt «(2.11 nottose ee8) emit aoitgeyinay bie nojenst datiwt & fin’ 2 
ti tud ati at ot +i¥ anal ot anentanasindnls 7 


steepest portion of the sigmoid curves of Fig. 26. This approximation 
will be used in the calculations of the next section, because of its 
Simplicity, but the effect of any deviations from this approximation 


will be discussed (see Sttmulus rate-tenston curves). 


Recruitment vs rate coding: The amount of force generated by 
the recruitment of previously inactive motor units during an increasing 
voluntary contraction can be calculated as follows. Let us divide the 
entire physiological range of forces into a number of segments, and 
consider the tth segment. We recorded from a number n; motor units 
which were recruited in this segment, which spans a range Xy gs These 
motor units had a mean twitch tension P; g and a mean contraction time 
T; sec. Once recruited they began to discharge at a rate r = 8.4 
impulses/sec which did not depend significantly on the segment 7 (see 
Firing rate of motor untts) and did not vary significantly for any of 
the three subjects. According to the second-order approximation des- 
cribed in Chapter II (11.3), the tension-time integral generated by 
each impulse in a motor unit having a twitch tension P and contraction 
time 7 will be PTe g-sec where e = 2.72, the base of the natural 
logarithms. Thus, if each unit is recruited with the firing rate r, 


the total force y; generated by recruitment of n; units in the tth 


segment is given in g by: 
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The force produced by increases in firing rate of motor units, 
which were already active before the increase in voluntary force of x; gs 
can also be calculated. Consider the n. units which were recorded from 
and which were recruited during the earlier jth segment. If these units 
had a mean twitch tension P; and a contraction time Ts, they will produce 
an extra force of n; P; T; e g for each impulse/sec that their firing 
rate increases. We reported earlier (Firing rate of motor untts) that 
all units increased their firing rate on average by |.4 impulses/sec per 
hundred g or Ar/Ax = 0.014 impulses sec’! g™!, This value did not 
depend significantly on threshold, and no significant differences 
between subjects were observed. With an increase in force of x; g the 
firing rate will increase x; Ar/Ax impulses/sec. The extra force due 


to this increased rate in those units previously recruited in the gith 


segment will be: 
Bp eean UPL? wel a, dean en) 


td Sd t 


The total force in g due to all those units previously recruited 
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Thus, at each level of voluntary force, the percentage of 


extra force due to recruitment (e.g., in the tth seagment this will be 
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HOOT yy ue 2;) ) and the percentage due to increased firing rate 
(100 2;/(y; + 8;) ) can be computed for the population of units which 
we recorded from. For all three subjects (Fig. 27A) recruitment only 
accounted for the bulk of the force at low force levels. Although 
increasingly large motor units continued to be recruited at high force 
levels, they were few enough compared to the number of units already 
active, that the increased firing rate in the previously active motor 
units produced the bulk of the extra force. Over the range of con- 
tractions considered, which was only a fraction of the entire physiolo- 
gical range, increased rate produced about 2/3 and recruitment only 
about 1/3 of the total force accounted for (the percentages due to 
recruitment are listed for each subject in Fig. 27A). 

Just by dividing the total force range into segments, the 
contribution of rate coding was also underestimated to some extent. 
Since the segments were quite wide (up to 500 g) at high levels of 
force, those units which were recruited early in the segment will have 
increased their firing rate considerably by the upper limit of The 
segment. Even at low force levels with the narrower segments, some 
rate coding will occur for each of the many units recruited within a 
given segment. This rate coding was not taken into account in calculating 
the resultseshown-intFigs 27%<. HadathiSebeen,done,ethe forces incg due 
to rate coding would have been increased by about 10%. 

Also shown in Fig. 27B are the percentages of the force 
accounted for by the two mechanisms (i.e., 100 (y; + 2;)/x;). Note 
that the percentages are roughly constant except at the lowest force 


levels. A variable amount of force, which was sometimes as much as |!00 g, 
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A. Calculated percentages of force due to recruitment and 
rate coding for the three subjects at different levels of vol- 


untary contractions. The overall percentage due to recruit- 


ment for the range studied (0-2 Kg) is listed for each subject. 


B. Calculated total percentages of force accounted for by the 


units studied at various force levels, considering both the 


mechanisms shown in A. The percentage accounted for in the 


entire range studied is also listed for each subject. 
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could he exerted simply by passively resting the finger against the 
transducer. This explains the lower percentages accounted for by 
active contractile mechanisms at the lowest force levels. The percen- 
tages are always considerably less than 100%, because only a fraction 
of the motor units in the muscle were sampled. The absence of sub- 
stantial trends in the total percentages of force accounted for argues 


against substantial biases in the sample collected. For the three 


different subjects the highest percentages were obtained at low (R.B.S. 


medium (A.M.) and high levels of force (R.Y.). The results from the 
subject A.M., who was unaware of the purposes of this experiment, fel! 
between those of the other two. Knowledge of the experimental aims 
probably did not affect the results from the other subjects either, 


for it was only after completing the experiments and doing the calcul- 


ations that the results emerged, and they were contrary in many ways to 


the results expected from the reading of the literature. 
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CHAPTER V 


DISCUSSION (1) 


In this chapter a discussion of the results obtained in 
Chapter IV will be presented. As in Chapter IV the discussion wil 
be under three main sections: (1!) The contractile properties of 
human motor units during voluntary isometric contractions; (2) Orderly 
recruitment of human motor units; and (3) Mechanisms involved in the 
gradation of voluntary contraction. The discussion on the abnormal 
motor unit studies will be presented in Chapter VII, following the 


Results (2) in Chapter VI. 


V.1 The contractile properties of human motor units during voluntary 
isometric contractions 

The results presented in Section IV.| indicate that simply by 
averaging the force correlated in time with the discharge of single 
motor units, the early time course of contraction produced by the 
motor unit can be determined in many human subjects. In a few experi- 
ments (Fig. ||) it was possible to compare the average force associated 
with voluntary activation of a motor unit and the force produced by 
stimulation of a motor unit via the same needle electrode. Stimulation 
has been the only previous method (Buchthal & Schmalbruch, 1970; Sica & 
McComas, 197!) whereby the contractile properties of single motor units 
could generally be measured. Extreme care must be taken to ensure that 
only a single motor unit is being stimulated, whereas recording the 


electrical activity of single units is a well-known and routine 
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procedure. 


Stimulation has the advantage that the full time course of a 
twitch can be studied, although when stimulation was superimposed on a 
voluntary contraction, an undershoot in tension was observed erate e129 
Determination of the time course by averaging voluntary activity is 
restricted by the minimum rates of firing normally generated (5 to 10 
impulses/sec). The twitches are therefore partially fused, and it is 
sometimes not possible to measure the half-relaxation time of the 
twitch. However, the contraction times and twitch tensions measured 
were rather insensitive to the rate of firing over the range of rates 
examined. It was also noted that these parameters are not appreciably 
affected using stimulation of motor units at rates up to about 10 c/s. 
Those periods where the rate of discharge was slower than a preset 
value could be selected automatically (Rate ltmttatton) to obtain a 
more complete twitch tension curve. However, rate limitation must be 
used with caution, because the slowest rates of firing tend to occur 
when the force in the muscle is slowly declining (Clamann, 1970). 
Therefore, with extreme rate limitation the twitch is superimposed on 
a downward-sloping trace (Fig. |0D). 

Averaging the force correlated in time with the impulses of 
a motor unit during voluntary activity has the important advantage that 
the function of a motor unit can be associated with its contractile 
properties. However, this association can only be made if the impulses 


from one motor unit are not synchronized to those of other motor units. 


89 


A strong one-to-one synchronization of motor units has only been reported 


in certain disease states (Lenman & Ritchie, 1970). However, a weaker 
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tendency for the impulses of motor units to occur in a group has been 
noted under various conditions (Buchthal & Madsen, 1950; Lippold, 
Redfearn & Vuto, 1957, 1960; Person & Kudina, 1968). However, Taylor 
(1962) could find no evidence that this grouping was due to mechanisms 
which synchronized the impulses of motor units. He could account for 
the observed grouping from the probability that various independent 
motor units might fire within a given time interval. 

Using more stringent tests under the conditions of our experi- 
ments, the impulses from different motor units in most subjects were 
generated remarkably independently of one another. However, one subject 
showed a definite degree of synchronization, which was evident as a 
broad peak lasting +10 msec, when the discharge of one motor unit was 
correlated with that of a second motor unit (Fig. 15) or with the 
whole population recorded by the surface EMG (Fig. 14). A brief 
increase around zero time would be expected in the cross-correlation 
histogram between two units if the units shared substantial common 
excitatory inputs (Moore et al., 1970), for example, from higher 
centers or from muscle spindles. The second suggestion is consistent 
with the recent finding (Mendel! & Henneman, 1971) that all motoneurons 
in a muscle may receive excitation from each muscle spindle afferent. 
Shared inhibition from Golgi tendon organs or from Renshaw cells would 
tend to produce a much broader peak in the cross-correlation histogram 
(Moore et al., 1970). The relative lack of secondary peaks at the 
times of the peaks in the autocorrelation histogram also excludes the 
possibility that one unit was synaptically driving the other. This 


question of synchronization of motor units will be considered further 
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in Chapters VI and VII. 

"The common excitatory input received by two cells is 
reflected in a tendency toward synchronous firing that generates a 
peak near the origin of the postsynaptic cells cross-correlation. 

This is the "primary effect" of shared excitation, and obviously 
reflects the fact that the simultaneous appearance of EPSPs in both 
postsynaptic cells momentarily increases their probability of firing 
nearly simultaneously. Common inhibitory input tends to synchronize 
postsynaptic cell periods of nonfiring. This leads to the perhaps 
paradoxical result that, to the extent that their periods of nonfiring 
overlap, their periods of firing must also overlap, and hence they 

tend to fire in a synchronous, i.e., correlated way. A broad central 
peak is the only prominent feature in the cross-correlation histogram." 
(Moore et al., 1970). 

In other subjects, an undershoot in tension and EMG activity 
was observed, often followed by oscillations at about 10 Hz, when 
stimuli were applied which produced a cantraction of even a few grams. 
This could also be a reflex effect due to an unloading of muscle spindles 
by the extraecontraction. /rHowevergethennolesof Golgi, tendonsergans or 
Renshaw feedback cannot be discounted in the stimulation experiments. 
Marsden, Merton and Morton (1972) have recently shown that reflex gain 
does vary systematically with the level of voluntary contraction. One 
possible explanation of these results is that there are marked differences 
in the reflex gain used by different subjects doing the same task. High 
reflex gain would be desirable to maintain a given position accurately, 


but carries the risk of producing damped oscillations at about 10 Hz 
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Such as occur in tremor (Lippold, 1970). An absence of tremor and 
associated synchronization of motor units would be desirable for 
producing a finely graded, smooth voluntary contraction. The magni- 
tude of the tremor component near 10 Hz is well known to vary in 
different subjects and to depend on the level of voluntary effort 
(Sutton & Sykes, 1967). 

The frequency response of motor units studied both during 
voluntary contraction and by stimulation was well fitted by a linear, 
second-order model, although differences in natural frequency were 
observed using the two methods. A second-order model also fits the 
data obtained from stimulating soleus muscle of the cat (Stein et al., 
1972), and the natural frequency declines and the damping ratio 
increases in that preparation as the mean rate of stimulation is 
increased under isometric conditions. Thus, the difference in rate 
during voluntary activity (5 to 10 impulses/sec) and during stimulation 
(1.7 c/s) might account for the observed difference. The frequency 
response obtained from recording single units, measures the extent of 
the linear correlation between the train of impulses and the tension 
in the muscle at various frequencies. However, the method cannot 
distinguish cause and effect. It will measure linear correlations in 
tension produced by the motor units, and any fluctuations in the 
firing rate of the motor unit which are linearly correlated with the 
general fluctuations in tension of the muscle. Even though a motor 
unit does not become entrained to high frequency fluctuations in tension, 
its rate of discharge may vary with low frequency fluctuations. Such 


an effect could explain the differences observed in the frequency 
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response functions obtained by stimulation and by voluntary activation 
of motor units. 

Using either method, the response of the contractile elements 
to fluctuations in neuronal firing rate with frequencies near 10 Hz was 
already about an order of magnitude lower than the response to low 
frequency fluctuations. This should be a powerful mechanism for 
limiting the component of physiological tremor near 10 Hz. Studies on 
neuronal models in which subthreshold inputs decay exponentially with 
time (Rescigno et al., 1970) indicate that in the absence of neuronal 
variability, the discharge of neuronal models will always become 
entrained to cyclic inputs, and show a discharge pattern that will 
repeat indefinitely. The presence of neuronal variability (Stein & 
French, 1970; Stein, 1970) tends to disrupt these patterns, but the 
Simplest pattern (i.e., where one impulse is generated per cycle of 
oscillation) is the most resistant to disruption. Motor units fire 
steadily over a limited range of rates (approximately 5 to 20 impulses/ 
sec from data obtained). Motor units firing at rates very different 
from 10 impulses/sec will not easily become entrained to these oscillations. 
However, motor units firing close to this rate may become entrained. 
The magnitude of physiological tremor near 10 Hz would then be deter- 
mined by the number of motor units firing at appropriate rates and the 
strength of reflex effects. The magnitude would be limited by the 
resiistance’of motor-units firtingeat otherenatesrto entrai nmentabywihe 
reflex effects, and the low gain of the contractile elements in muscle 
at the frequencies found in normal tremor. Further work is required to 


determine the relative importance of these factors in normal postural 
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tremor. 


V.2 Orderly recruitment of human motor units 

Thesresults from -Seetion, 1V<2 provide thesfirst direct 
evidence that motor units are recruited during increasing voluntary 
contraction in an orderly fashion according to the size of contraction 
they produce. This evidence strongly confirms the "size principle" 
expounded by Henneman (1968) and his colleagues, based on animal 
experiments and on recording the size of motor unit potentials in man 
(Olsen et al., 1968). Indeed the degree of ordering (Fig. 19) is 
remarkably high (linear correlation coefficients >0.8 for all three 
subjects and for more than thirty other normal subjects subsequently 
studied) when one considers that the recordings were made in experi- 
ments over a period of several months, and that there are inevitably 
many uncontrolled variables in human experiments. Since the size of 
unit recruited (AF) is proportional to the mean force level (F) over 
such a wide range, the fractional increments in force (AF/F) produced 
by recruiting each unit will be constant (see also Merton, 1951). This 
result is reminiscent of the constant Weber functions (AS/S) sometimes 
obtained when just-noticeable differences (AS) are measured at various 
stimulus intensities (S) in sensory experiments (Werner, 1968). For 
example, Weber functions, AS/S = K, can be computed from the stimulus 
response of a first-order cutaneous afferent nerve fiber responsive to 
mechanoreceptor stimulation. However, the functional significance of 


this observation has been questioned, since the amplitude of force 


fluctuations is a decreasing fraction of the total force exerted against 
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aeconmmrokelevel, Gsuiton,.&:iSwkes s.1 967.) 

Considerable flexibility in the order that motor units are 
recruited in different tasks has been reported (Basmajian, 1963; Grimby 
& Hannerz, 1968, 1970). Typically, in these studies, a wide range of 
movements has been possible, while the very orderly pattern found here 
may only apply to simple movements where there is a strong synaptic 
input which is rather homogeneously distributed among the component 
motor units. In Section IV.3, experiments were described in which 
subjects generated nearly linearly rising and falling forces. The 
threshold for a motor unit could be measured under these dynamic 
conditions as well as under static conditions. Although the two 
measurements were highly correlated (linear correlation coefficient = 
0.88), individual motor units were found which had thresholds differing 
by a factor of two or more. This is consistent with the finding of 
Grimby and Hannerz (1970) that the order of recruitment could be quite 
different in tonic and phasic reflexes. 

There was a tendency for the larger motor units, which were 
recruited at higher levels of voluntary force, to have a briefer time 
course (Fig. 20), as is commonly found in animal studies (McPhedran et 
al.; 1965; Wuerker.et al., 1965; Burke, 1967): However, the correlations 
measured between contraction time and threshold were lower than those 
between twitch tension and threshold, and the trend was not statistically 
significant in one of the three subjects. However, the twitch tensions 
generated by this subject at a given level of force were only about half 
of those recorded from the other two subjects, so the signal-to-noise 


ratios in the averages were smaller. The range of contraction times (30 
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to 100 msec) is also considerably smaller than the range of twitch 
tensions (0.1! to 10 g) which would tend to make it more difficult to 
detect any relationship. In the only other human study to our know- 
ledge on this question, Sica and McComas (1971) were unable to demon- 
strate a relationship between twitch tension and contraction time. 
Another interesting result of this study is the rapid, 
nearly exponential decline in the number of additional motor units 
recruited with the larger twitch tensions or the higher threshold. If 
the additional number of motor units recruited declines exponential ly 
as the level of a voluntary contraction is increased, while the twitch 
tensions of the extra units increase linearly, then it follows 
immediately that recruitment will account for less and less of the 
increases in force at high force levels. However, we only recorded 
from a fraction of the motor units in any individual so sampling biases 
are possible. These methods required that the steady discharge of a 
unit be recorded for several minutes, and it is notoriously difficult 
to resolve single units at the limit of voluntary contraction. Thus, 
our sample is biased in that we probably did not record from the 
highest threshold units. It would be interesting to repeat the experi- 
ments using stimulation techniques (Buchthal & Schmalbruch, 1970; Sica 
& McComas, 1971), where the tendency should be to excite the largest 
motor units preferentially. However, care was taken to minimize sources 
of bias as much as possible, and we restricted ourselves to a range of 
forces (up to 2 Kg) where we could consistently record single units. 
Yet, the trend of the histograms was obvious throughout most of this 


range. Very similar histograms for the number of motor units with 
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various twitch tensions (McPhedran et al., 1965) and thresholds for 
recruitment (Henneman et al., 1965) have been found in animal experi- 
ments. Moreover, Grillner and Udo (1971) found that 90% of the motor 
units in soleus muscle of the cat had been recruited by the time the 
active tension in a stretch reflex had reached 50% of its final value. 
It will be shown in the next section that the increased rate of firing 
from active motor units accounts for an increasing percentage of force 
afphigher) levels of voluntary contraction. «This can only be true if 
recruitment becomes less important during increasingly strong voluntary 
contractions. 

Results from a single muscle should obviously not be extrapo- 
lated too far. Nonetheless, the striking similarity of these results 
(during voluntary contraction of a small human muscle, which is used in 
manipulation) to those of Henneman (1968) and his collaborators (during 
reflex contraction of large, postural muscles in the cat) certainly 


suggests the presence of rather general principles. 


V.3 Mechanisms involved in the gradation of voluntary contraction 

lt has been possible for the first time to quantify the forces 
due to recruitment and the forces due to an increased firing rate of 
active motor units (rate coding) during increasing voluntary contractions. 
The results were contrary to the impressions gain from reading the 
literature. To quote two recent examples, Clamann (1970) concludes that 
his work, "quantifies and expands on the common observation that, at low 
tension levels, frequency change is the chief means of grading tension, 


while at higher tension levels, recruitment is the predominant mechanism". 
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Person and Kudina (1972) state that, "Recruitment is undoubtedly the 
main reserve of contraction strength increase. However, the mechanism 
of frequency change is unsurpassed as far as precision and smoothness 
are concerned". Yet at low force levels where fine adjustments are 
made, recruitment proved from our calculations to be the major mechanism. 
Increased rate proved to be responsible for the coarser adjustments that 
are made at higher force levels. Considering the whole physiological 
range, rate coding seems the major mechanism as originally suggested by 
Adrian and Bronk over forty years ago. Furthermore, the results at the 


two extremes of tension can be supported virtually without experimentation. 


Mechantsms operating during mintmal and maxtmal contractions: 
In a completely passive muscle, recruitment is the only mechanism 
operative initially because there are no active units whose firing rate 
can be increased. Petajan and Philip (1968) measured the "onset interval" 
for the first motor unit recorded by a needle electrode and the 
"recruitment interval" (i.e., the interspike interval of the first unit 
occurring when a second motor unit just began to fire). For the first 
dorsal interosseus muscle, the firing rate increased from roughly 7 to 
10 impulses/sec from onset to recruitment. Increases of 30 to 35% were 
found in many muscles which they termed the "range of control" by rate 
coding. How much smaller this range of control by rate coding at low 
tensions might have been if Petajan and Philip had considered the 
difference in interval between the onset of the first unit and recruit- 
ment of the next unit in the whole muscle, rather than among those few 


motor units in the region sampled by a needle electrode. 
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At the other extreme, if all the motor units in a muscle 
could be activated by nearly maximal voluntary effort, this force 
could only be increased further by increasing the firing rate of the 
active motor units (rate coding). Grillner and Udo (1970) (see also 
Henneman, Somjen & Carpenter, 1965) found that 90% of the units were 
already recruited by the time the tension generated in stretching 
soleus muscle of the decerebrate cat reached 50% of its final value. 
From their Fig. | it appears that they found no units which were 
recruited beyond 75% of the final tension. They attributed much of 
the extra force to the stiffness encountered when stretching a con- 
tracting muscle. However, in these experiments, the muscle was being 
held at a roughly constant length, but no units were measured in two 
of our subjects which had thresholds for recruitment between |.5 and 
2.0 Kg. In the absence of recruitment, extra force could only come 
from increased firing rates in active motor units. 

Determining the relative importance of the two mechanisms at 
intermediate paves of force required a considerable amount of experi- 
mental work and calculations. Several assumptions and approximations 
were made at various stages which require further discussion. However, 
before considering these in detail, it is worth noting that the trend 
of these results can be deduced simply from the observed linear relations 


between firing rate and force (Fig. 22). 


Firing rate as a function of force: I|f a straight line were 
measured which went through the origin (zero intercept), then the rate 


of firing and the level of contractile force would increase exactly in 
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step beyond threshold. A doubling of rate would occur every time the 
level of voluntary contraction was doubled. A positive intercept (Fia. 
22A) means that the firing rate will less than double each time the 
force level is doubled, once threshold has been reached, while a 
negative intercept (Fig. 22B) means that the rate will more than double 
with a doubling of force. Since the values of intercept decreased 
continuously (Fig. 23B) for units recruited at increasing levels of 
force, this implies that rate coding should be more important with 
strong contractions than with weak ones, even tf the same number of 


extra motor units had been recruited at each level of force. 


Plateaus tn firing rate: Many studies (e.g., Bigland & 

Lippold, 1954; Dasgupta & Simpson, 1962; Clamann, 1970) have reported 
that the firing rate of motor units reached a plateau as the level of 
voluntary force was increased slowly. However, Clamann (1970) noted a 
linear relation between firing rate and force, when subjects trackec 
trlangular waveforms, as found here. Furthermore, using slower and 
slower waveforms (down to a cycle time of 50 sec), plateaus have been 
observed (Fig. 24A) which become increasingly prominent at the longer 
cycle times. However, the minimum firing rate also decreased in these 
experiments, so that the range of firing rates observed often actual ly 


increased with slower contractions and relaxations. 


Initial firing at roughly constant rates: With faster cycle 
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times of 2 or 3 sec, motor units fired faster, earlier in the cycle, and 


initially with a roughly constant rate. Recently, Gillies (1972) had 
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subjects track linear ramps up to a final maintained level of force. 
He observed that motor units would often fire faster during the ramp 
than during the static portion of the waveform. The units might even 
stop firing altogether if their static threshold had not been exceeded. 
The initially constant rate might be attributed to a balance 
between increasing drive and motoneuronal adaptation. Since adaptation 
becomes less and less marked with time (Fuortes & Mantegazzini, 1962), 
adaptation might also account for the fact that the firing rate during 
the rising, but not the falling phase of force depended on cycle time 
(Fig. 24). Whatever the mechanism involved, this initial burst ata 
higher rate does limit the scope for rate coding, so this mechanism may 
be relatively less important during rapid contractions. Again, one 
could argue a prtort that with the briefest movements, in which motor 
units only fire once or twice, rate coding can play no part. Very little 
change in discharge pattern was observed during relaxation (Fig. 24B), 


with the range of cycle times used. 


Sampling btas: The possibility that our samples contained a 
smaller fraction of the units, which are normally recruited at high 
force levels, cannot be ruled out. However, this possibility was dis- 
cussed in detail in Chapter IV, and reasons were given for thinking that 
substantial bias was not present in the range of forces studied. 
Furthermore, no systematic trends were observed in the total percentages 
of force accounted for by the units studied using the two mechanisms 
(Fig. 27B). To argue that the forces due to recruitment were substan- 


tially underestimated at high force levels, reasons would also have to 
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be given for thinking that the forces due to rate coding had been over- 
estimated at these levels. 

Nonetheless, with the number of units sampled (see Table |), 
somewhat higher percentages might have been expected at al! levels of 
force. From the percentages listed in Fig. 27B, 200 to 400 motor units 
would be required to account for 100% of the force. The only published 
histological measurements (Feinstein et al., 1955) indicated the 
presence of approximately 200 large axons in the nerve to the first 
dorsal interosseus muscle, and some of these were presumably Group | 
muscle afferents. This supports an earlier suggestion (Sttmulatton) 
that other muscles were probably also contributing some force. Other 
factors could also have affected the absolute values computed. For 
example, the absolute value of force measured in Fig. 26B at 20 c/s 
was nearly twice that expected from the linear approximation (Cinter- 


rupted line). 


Stimulus rate-tenston curves: When stimulating either the 
whole muscle via its nerve, or a part of it with intramuscular electrodes, 
a sigmoid relation was observed (Fig. 26) between tension and stimulus 
rate, as generally found (Adrian & Bronk, 1929; Cooper & Eccles, 1930; 
Rack & Westbury, 1969). For simplicity in the calculations, a linear 
approximation was used, which assumed that the muscle could be treated 
as a critically damped second-order system. 

The predictions from this approximation were larger and fitted 
the data points in Fig. 26 better than those from an approximation based 


on the area under a twitch. The reason is that the relaxation phase 
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expected for a critically damped system is slower than actually observed 
during a twitch. The half-relaxation time for a critically damped 
second-order system is nearly 70% greater than the contraction time as 
shown in Section I|.3, while the half-relaxation time of the twitches 
shown im Fig. 25 is ieee than the contraction time. However, Mannard 
and Stein (1973) have shown that repetitive activity at physiological 
rates slows the relaxation process markedly, and the critically damped 
approximation holds reasonably well at certain firing rates. 

The important point for the present discussion is that the 
linear second-order approximation appears to overestimate the force due 
to recruitment and underestimate that due to rate coding (see Stimulation 
and Fig. 26). Thus, any deviations observed will strengthen the present 
conclusions concerning the relative importance of rate coding. The 
extent of possible errors is uncertain because there were quantitative 
differences (e.g., in the twitch/tetanus ratio) between the stimulus 
rate-tension curves with maximal and submaximal (intramuscular) stimu- 
lation. The differences may simply result from the submaximal nature of 
the intramuscular stimulation. Muscle spindle afferents were presumably 
also being stimulated and at rates of 20 or 30 c/s could wel! have 
activated other motoneurons not directly stimulated by the needle (Upton, 
McComas & Sica, I97I). 

It is also of interest that the common rates of firing we 
observed (8 to 20 impulses/sec) agree very well with the range of 
stimulus rates over which the tension increases rapidly (from roughly 
15% to 85% of its tetanic value). Indeed, the rate coding found during 


voluntary contractions seems well suited to use nearly the whole range 
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of forces which the muscle can produce. The higher firing rates some- 
times observed in other limb muscles (Adrian & Bronk, 1929; Lindsley, 
1935; Norris & Gasteiger, 1955; Marsden, Meadows & Merton, 1971) would 


add little to the steady force generated by this muscle. 


Maximal voluntary contractton: The forces generated during 
maximum voluntary contractions were two to three times as large as the 
maximum range of forces normally studied (0 to 2 Kg). If the trends 
observed in Fig. 27 continued up to maximal voluntary contractions, 
clearly rate coding would account for considerably more than 2/3 of the 
total force produced. An upper limit on the total force due to rate 
coding can be obtained from the values given above. If by maximal 
effort all motor units had been recruited and had increased their firing 
rates from 8 to 20 impulses/sec, then from the stimulation results, the 
tension due to recruitment would be only 15/85 = 18%, rather than the 
34% measured on average for our three subjects. 

In conclusion, although there are a number of assumptions and 
approximations which could affect the values calculated, the total con- 
tribution of rate coding to the generation of force in this muscle may 
have been underestimated, rather than overestimated, and the role of 
recruitment seems mainly confined to the generation of force at the 


lower levels of voluntary contraction. 
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CHAPTER VI 


RESUIRTS” CZ) 


This chapter will present the results obtained from (A) five 
patients after surgical repair of a complete unilateral severance of the 
ulnar nerve; (B) fourteen patients with unilateral and four bilateral 
pressure or entrapment neuropathies affecting the ulnar nerve; and 
(c) eight patients with motor neuron disease (amyotrophic lateral 
sclerosis). In addition, results obtained from synchronization studies 
on abnormals, controls and weightlifters will be given, as well as data 
from reflex experiments which were performed on controls and weight- 
lifters with the purpose of investigating any changes in the central 
nervous system resulting from weightlifting which might be related to 
synchronization. 

The following contractile and electrical parameters of single 
motor units were systematically measured from the first dorsal inter- 
osseus muscle of both hands of all patients (the normal hands served as 
controls when the lesion was unilateral): (1) the 'threshold' level of 
voluntary force for recruiting a motor unit; (2) twitch tension; 

(3) contraction time; (4) half-relaxation time; (5) the peak-to-peak 
amplitude of the surface EMG; (6) the peak-to-peak duration of the 
surface EMG; and (7) the rectified and unrectified surface EMGs for 
synchronization studies. The results will be given under the following 
subsections: (1) Pattern of recruitment of motor units; (2) Contractile 
and electrical properties of motor units; and (3) Synchronization of 


motor units. 
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VI.1 Pattern of recruitment of motor units 

Completely severed ulnar nerves: 

Twitch tenstons and pattern of recruitment: The order 
of recruiting motor units can be examined by plotting the twitch tension 
generated by a motor unit against the 'threshold' force at which it 
becomes active during a voluntary contraction. Figs. 28A and B are 
plots of twitch tension vs threshold force for two patients in an early 
stage of regeneration (~6 months), while Fias. 28C and D are typical 
plots of patients at an advanced stage of regeneration (~2 years after 
surgical repair) following complete lesions of the ulnar nerves by 
sharp objects. In Figs. 28A and B the mean slopes + S.E. of the mean 
of the best fitting straight lines were |.005+0.164 and 0.63+0.1| 
respectively, in the normal hands, with linear correlation coefficients 
of 0.864 and 0.88. These values show that there is an orderly recruit- 
ment of successively larger motor units during increasing voluntary con- 
tractions, as previously described in Chapter IV. 

In the 'abnormal' hands, however, the slopes of the best 
fitting straight lines were not significantly different from zero at 
the 5% level of confidence. The linear correlation coefficients of 
0.3 and 0.15 respectively were also not significant. Thus, it appears 
that besides the comparatively small size of the twitch tensions 
during the early stages of regeneration which might be expected, the 
pattern of recruitment of motor units during increasing voluntary con- 
tractions was random. The patient whose data are shown in Fig. 28B had 
regained about 50% of her strength in the abnormal hand, but was unable 


to use that hand in knitting; the randomness of her recruitment pattern 
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Fig. 28. Twitch tensions produced by single motor units from four 
patients with previous complete severance of their ulnar 
nerves as a function of the threshold force at which the 
motor units were recruited. (a), (b) - early stage of 
regeneration. (c), (d) - advanced stage of regeneration. 
The computed best fitting straight lines shown on these 
log-log plots are for the normal hands only. 0O - clinically 


normal hand; ® - affected hand. 
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could be partially responsible for this, as well as the possibility of 
anomalous re-innervation of the intrinsic hand muscles. 

In Figs. 28C and D after two years of regeneration, the 
twitch tensions were approximately the same as the normal hand. 
However, the slopes of the best fitting straight lines were still not 
significantly different from zero and the linear correlation coefficients 
of 0.44 and 0.16 respectively were not significant. This clearly 
illustrates the fact that while the twitch tensions of motor units 
after regeneration can return to normal size, the normal orderly 
pattern of recruitment of motor units during increasing voluntary 


contraction was irretrievably lost. 


Pressure or entrapment ulnar neuropathtes: 

Twitch tenston and pattern of recruttment: Among the 
unilateral ulnar neuropathy patients, there was a tendency for the 
twitch tensions to be smaller in the affected hand but the normal 
orderly pattern of recruitment was still apparent in most patients. 
Fig. 29 shows two typical plots of twitch tension vs threshold force 
for two patients with ulnar neuropathies. In Fig. 29A the patient had 
recently developed an ulnar neuropathy associated with a partial block 
on conduction at the elbow, and recordings were made eight months after 
anterior transposition of the nerve. The slopes of the best fitting 
straight lines were |.05+0.29 (normal), 0.740.15 (affected), the linear 
correlation coefficient in each case being 0.8. In Fig. 29B the patient 
had a ten-year history of ulnar neuropathy of uncertain etiology. The 


twitch tensions were approximately equal in both hands and the slopes 
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Fig. 29. Twitch tensions produced by single motor units, as a 
function of the threshold force at which the motor units 
were recruited from two patients with ulnar neuropathies. 
The computed best fitting straight lines (~— normal; --- 
affected) on these log-log plots had slopes significantly 
different from zero at the 5% level of confidence in both 
the normal and affected hands. 0 - clinically normal hand; 


@ - affected hand. 
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of the best fitting straight lines were |.242+0.308 (normal), |.425+ 
0.316 (affected): the linear correlation coefficients were 0.84 
(normal), 0.86 (affected). These results indicate that the orderly 


pattern of recruitment of motor units is preserved. 


Motor neuron disease: All| of the patients in an advanced 
stage of this disease had few motor units so plots of twitch tension vs 
threshold force could not be obtained. Fig. 30 shows two cases in 
which enough units were recorded. In Fig. 30A the patient was uni- 
laterally affected and the slopes of the best fitting straight lines 
were |.02+.07 (normal), |.3574+0.161 (affected): the linear correlation 
coefficients were 0.97 and 0.94 respectively. The patient whose data 
are plotted in Fig. 30B was paralyzed in the right hand; units were 
recorded from only his weak left hand (power = 3 ona te point scale). 
The slope of the best fitting straight line was |.28740.2I, with a 
linear correlation coefficient of 0.92. Thus, even though there is a 
general decrease in the number of motor units, the remaining motor 


units are recruited in an orderly fashion. 


VI.2 Contractile and electrical properties of motor units 
Pressure or entrapment ulnar neuropathtes: 

Twiteh tenston: Among the unilateral ulnar neuropathy 
patients, there was a tendency for the twitch tensions to be smaller in 
the affected hand. The overall means were 5.94+1.3 g (mean + S.E. of 
the mean) for motor units in the normal hands and 3.66+0.69 g for motor 


units in the abnormal hands of fourteen patients. There was also a 
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Twitch tensions produced by single motor units as a function 
of the threshold force at which the motor units were recruited 
from two patients with motor neuron disease. The computed 
best fitting straight lines (—— norma]; --- affected) on 
these log-log plots had slopes significantly different from 
zero at the I% level of confidence in both the normal and 


affected hands. O - clinically normal hand; ® - affected 


hand. 
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general tendency for the contraction and half-relaxation times to be 
longer in the affected hands as illustrated in the histogram in Fig. 31. 
The mean values were 72420 msec (mean + S.D.) for the contraction times 
and 70+I19 msec for the half-relaxation times of affected hands. The 
corresponding values in normal hands were 6l1+I17 msec for the contraction 
times and 52+14 msec for the half-relaxation times. The distributions 


were significantly different (P < 0.01 for both parameters). 


EMG amplttudes: The EMG amplitudes were generally larger 
(two times or more) in the affected hand. These results suggest the 
possibility of sprouting of healthy motoneurons to re-innervate the 
muscle fibers that had become denervated (Erminio, Buchthal & Rosenfalck, 
1959; Wohl fart, 1957; Co&rs & Woolf, 1959); the generally smaller sizes 
of the twitch tensions associated with these EMGs, however, suggests 
the involvement of other factors (see Discussion in Chapter VI1). 
Fig. 32 shows the average of the twitch tensions recorded from the 
affected hands divided by the averages from the normal hands (twitch 
ratios). The corresponding ratios of the average EMG amp!itudes of the 
affected and normal hands (EMG ratios LA/N]) are also given to illus- 
trate the discrepancy between the relatively larger EMG amplitudes and 
the smaller twitch tensions. The distributions of the two ratios were 


significantly different (P < 0.01). 


Motor neuron disease: Since seven out of the eight motor 
neuron disease patients were bilaterally affected, the EMG amplitudes 


and the twitch tensions recorded were compared with corresponding values 


Sil 


-!€ .pf9 ni merpotetd etf nl beteyteulli as abned betastts edt ai repro! 
aemit nottositnos sft rot (.0.2 + msem) oeem OS4ST etew eoulev berg 
adT .abned betostis to e6mi+ noltsxeier~t ted ot 70t sont i di 

nolrasntnos ext 10+ osem Titld etew 2brsqd lemon al aeulev enibnaqhertes . uy 


= <q 
.Caretems sq dtod sot 10.0 > 9) treist?ip ia 


. 


: 
enoitudivteib eit .2emit noltexslet-tledt edt sot sezm AI1ZS¢ bas zemit 
a 

yapvel yl lerenep etew eebutilgms OM3 aiT -eshuseiqna TMa 2 : 


. id teeppu2 etivees eesniT .boend betoetts srt ni (eran 16 eat contd 
edt etevyenni=e7 ot enowenotom vat ised to onttuerde to vriidjzeeq 
Adletns2ah & Isatnoud ,oinim7d) datni-ienae amoned bed tedt 218d1t olaum 
eosl2 vellsme yi lsvenep ort ;(@8e) ,FlooW # er8o0 {Teel ,tstiriow yee! 
etzoppve .wevewor ,20Ma seart dtiw betslooees enol anet dot tw art. to 
CIV setesdd nl noleeusettl gee) aiotost qerto to tremevtoval ont 
ait mort bebiove1 enolenst rdotiwt elt +o epeteve ett ewode SE pla = =| 
fotiwt) ebnéd lismion eit mort zepsieve ent yd beblvib ebned betoetts 
eft to 2ebutilqns OM3 epsievs et to 20ite7 pnibnogaeitcs aft .(20lter 
-2u/1T ot nevip cals “an (LU\A] 20its1 OM3) ebned demon bas betoe?tts 
bus eebutilqns IMJ yep 16! Vievitele, ott neswted yonsuetoetb edt stett 
orew 2ditsy owtedt to enoitudintelb eff .2netanet dotiwt yelleme edt 
(100 > F) Hhetett ib yltaeottapte 
ay. 
rotem tiple eft to tuo mevee 6ori2 :sanesth semen totelh 7 
csbutiv@ne ONG oct .betoatte Yilevstel id evew etnetteq sxseeté nowen ; 
_ aeulev pnibmogesrt60 sitIw bersgnas eow babrose1 enctenet datiwt edt brie 


sulk: es) 


Number of motor units 


16 


30 


20 


(=) 


50 70 90 110 
Contraction time (msec) 


ine) 
co) 
Ww 
oO 


30 50 70 90 110 
Half - relaxation time (msec) 


(a) Contraction times of twitches from motor units in normal 
hands (continuous lines) and affected Parte (broken lines) of 
fourteen patients with unilateral ulnar neuropathies. 

(b) Half-relaxation times of twitches from motor units in 
normal hands (continuous lines) and affected hands (broken 
lines) of fourteen patients with unilateral ulnar neuro- 
pathies. The distributions were significantly different 


(P < 0.0! for both parameters). 
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Mean twitch tension ratios (continuous lines) and mean EMG 
amplitude ratios (broken lines) of affected (A) and normal 
(N) hands from fourteen patients with unilateral ulnar 
neuropathies. The distributions of the ratios were signifi- 


cantly different (P < 0.01). 
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pooled from twenty-five normal hands. Seven of the patients had larger 
EMG amplitudes (two to ten times normal average), but the twitch 
tensions were within the normal range. These large EMG amplitudes 
Suggest collateral sprouting as has been previously reported (Erminio 
et al., 1959). Fig. 33 shows histograms of EMG amplitudes and twitch 
tensions of normal and motor neuron disease patients. The mean twitch 
tensions of the normal and affected hands were 4.7+7.1 g (mean + S.D. 
of an observation) and 4.546.9 g respectively; the distributions were 
not significantly different (P > 0.8). The mean EMG amplitudes of the 
normal and affected hands, 0.22+0.26 mV (mean + S.D.) and |.29+.149 mV 
respectively, had significantly different distributions (P < 0.001). 
This suggests that motor units enlarged by collateral sprouting are 
less efficient contractile units than units of normal physiological 
size. 

The contraction times were longer in the affected hands 
(Fig. 34): the mean values of the contraction times were 78421 msec 
in the affected hands and 6I+I7 msec in the normal hands and the 


distributions were significantly different (P < 0.01). 


VI.3 Synchronmizationsof) motor unids 

The following results will be presented in this section: 
(1) The effect of ulnar neuropathies on the synchronization of motor 
units; (2) The effect of weightlifting on the synchronization of motor 
units; and (3) data from reflex experiments which were performed with 
the purpose of determining the cause of synchronization. 


Synchronization ratios, as explained in Methods (Chapter I11), 
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(a) EMG amplitudes of motor units from twenty-five normal 
subjects (continuous lines) and eight patients with motor 
neuron disease (broken lines). (b) Twitch tensions of motor 
units from twenty-five normal subjects (continuous lines) and 
eight patients with motor neuron disease (broken lines). The 
distributions of the twitch tensions were not significantly 
different (P > 0.8), but the distributions of the EMG 


amplitudes were significantly different (P < 0.001). 
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Fig. 34. Contraction times of twitches from motor units in twenty- 
five normal hands (continuous lines) and in eight patients 
with motor neuron disease (broken lines). The distributions 
of the contraction times were significantly different 
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Fig. 35. Experimental traces of an averaged rectified surface EMG 
superimposed on an unrectified surface EMG, for evaluating 
synchronization ratios: (a) normal hand; (b) affected hand. 
Horizontal lines indicate voltages of zero and the mean 


rectified surface EMG. 
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Synchronization ratios of normal (continuous lines) and 
affected (broken lines) hands of five patients with ulnar 
neuropathies who showed synchronization. The distributions 


of the synchronization ratios differed significantly (P < 0.01). 
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were computed for all the patients with ulnar neuropathies. Fig. 35 
shows experimental data of a rectified surface EMG superimposed on an 
unrectified surface EMG for one of the patients who showed synchronized 
motor unit activity - (a) normal, (b) affected. Only five of the 
patients showed synchronized motor unit activity in their normal hand; 
the effected hands showed either a decrease in synchronization or a 
complete absence of synchronization. Fig. 36 is a histogram of the 
synchronization ratios for the normal and affected hands of the five 
patients; 0.2 was taken as the lower limit for synchronized activity 
(see Methods in Chapter II1). All the patients in our sample who 
showed synchronized activity were men and most worked at manual jobs 
which required exertion of relatively large forces with these muscles. 
To test whether there was any connection between the regular exertion 
of large brief forces and synchronization, seven weightlifters were 
examined and all showed clear evidence of synchronization. Fig. 37 

is a histogram of synchronization ratios of seven weightlifters and 
seven non-weightlifters. The distribution of the means were signifi- 
cantly different (P < 0.001). 

In each subject the EMGs were recorded at different threshold 
forces for recruiting a motor unit. The threshold force varied from 
about 100 g to 2 Kg; the synchronization ratio, however, did not seem 
to depend on the threshold force. Fig. 38 shows two examples of 
synchronization ratio against threshold force (up to 1.5 Kg) of two 
subjects. There is obviously no correlation between the two parameters. 

In an attempt to determine the nature of the mechanisms 


responsible for causing synchronization, reflex experiments were per- 


i> : — 
FE .pid .2etdteqdwen r6enlu dtiw etasiteg oft 116 70% betuqnos e1ew 
ns fo bezogmineque OM3 eostrue beltitos 6 to steh Istremiyeqxe ewone 


bexinowdonye bewoe odw etnaitsg ant to eno 107 OMS eostaue beltitoeiay 


eft to evit vinO .betoette (d) , lemon (6) - ¥fivitos tind zotom © 


ibned Ison aiedt ni viivitos tinu rotom besinewionye bewode 2tneiteq 
6 10 nolterlnoidonye ni sesetseb « tertile bewore ebned betoette eff 
edt to merpotein 6 2! 8 .p1d .noltestnowonye to eoneeds ets! qnoo 
evi? edt to abned betsetts bose lamion sft rot 20ite noltes|noronye 
ViIVitoE besinorsonye yo? timl| yswol eft 26 nedet esw S.0 hinges. 
ofw siqmse wo ni etnsiteg eit IIA .Clll astqsdd ni mai 22 

edol jeunsm te bexinow teom bas nem siew ytivitos bes ino ionye 
s2eloaum aeedt dtiw easn0t ep el eiodttntin to neitrexe beriupes ASidw 
hoitiexs qsivpes ent feewtsd nol toennos ys 28w event rerterw test of 
ejow eretri idpTew nevee ,noitesinorionve base aeorot telqd eprs! to 
YE .pi4 .noitesinowionye ta sonebive aselo bewore | ls bas’ benimaxe 
bys ey8ttiltdpiew neve2 to 2oltsy noltesinowionye to meipotelA 6 21 
~itinple e7ew ensem aft to noltudintzib edT .2etetititnpiew-non nevee 
| -(100.0 > 9) tnerettib yitnss 

blodesyAt tnsiettib ts nahin Siew 20M4 ent tool due nose al 

mort beingsv so ot blodesidt eT .tinu totem 6 pnitivicen 10% eeo 10? 
meee ton bib .WeVvewod ,oitey noltssinordonye ert yor S ot p 001 tuods 
to’ eetqmexe owt ewore BE R17 «99707 bloneerdt edt no bnegeb ot 
owt to (py 2.1 oa so1ct blodeeidt tenleps ol ter noitss !nonfonye 
2ratemsreq owt oft neewted nolteleries on’ Ylanolvde ei ment .etsoldue 
ameinarioem eft to equtén ett snimeted ot tanetts ne al 


~199, o6w etna togxs xt lial ne : 


. - 


Po 


12] 


COVE SS 


—— 7 Weight lifters 
--- 7 Controls 


> 
(2) 


pe) 
(2) 


Number of motor units 


0 0.4 08 1.2 1.6 
Synchronization ratio 


Fig. 37. Histogram of synchronization ratios of seven weiahtlifters 
and seven non-weightlifters. The distributions of the 


means were significantly different (P < 0.001). 
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Fig. 38. Synchronization ratios against threshold force for 
recruiting a motor unit, from two subjects who showed 


significant synchronization. 
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formed on four weightlifters and five control subjects. These experi- 
ments involve stimulating the median nerve at the wrist with stimuli 
which are nearly maximal for a-motoneurons. EMG activity was recorded 
simultaneously from the abductor pollicis brevis muscle. Preliminary 
studies were done stimulating the ulnar nerve and recording from the 
first dorsal interosseus muscle. However, as reported previously by 
McComas et al. (1971), the reflexes in this muscle are much smaller. 
Simultaneously evoked potentials were recorded from the skin over the 
cervical spine, and from the scalp over the motor cortex (see Methods 
in Chapter II1). Fig. 39 shows averaged EMG, spinal and cortical 
potentials when voluntary force was being exerted. The EMG was 
rectified before averaging and so shows double peaks. JV, is the usual 
spinal H-reflex or monosynaptic reflex, of latency 30 msec, while the 
latencies of the later V, and Vz waves suggest supraspinal and possibly 
cortical reflexes. The Vy and V, waves were described previously by 
Upton et al. (1971) who introduced the letter VY since these waves are 
greatly potentiated by volition, and are difficult to demonstrate in 
completely relaxed muscles. The V3 wave has not previously been des- 
cribed and has been seen in all the weightlifters, but only in one 
control subject. The ratios of the peaks of the V; and V2 waves to the 
maximum peak of the M wave were calculated for each subject. Fig. 40 
shows histograms of these two parameters for both weightlifters and 
controls. The mean Sa was slightly larger among the weightlifters 
(0.12+0.05 compared with 0.0940.04) but the distribution was not signifi- 
cantly different (P > 0.7). The mean 2 was, however, twice as large 


among the weightlifters (0.140.05 compared with 0.05+0.04, P < 0.001). 
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Average surface EMG (after rectification), average spinal 
and average cortical evoked responses produced by electrical 
stimuli to the median nerve. The surface EMG recorded from 
the skin over the abductor pollicis brevis muscle showed 
several peaks which are discussed further in the text. The 
evoked responses were measured from the middle of the neck 
or from the scalp over the contralateral hand area of the 
motor cortex. An electrode on the ipsilateral ear served 
as an indifferent electrode for both responses. AI| traces 
are averages of 200 sweeps and the evoked responses are 


displayed with negative upward. 
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Fig. 40. Histogram of VY, and Vo waves relative to maximum M waves, 
calculated for four weightlifters and five controis. The 
distributton of the i ratios were not significantly 
different (P > 0.7), but the distribution of the 2 ratios 


were significantly different (P < 0.001). 
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One subject who regularly lifted weights showed a decrease in all three 
waves (especially Vo and V3) after laying off for two months. While 
lifting weights regularly this subject's mean V1, Vo and V3, relative 
to maximum M were 0.14, 0.17 and 0.24 respectively; after laying off 
for two months the corresponding values decreased to 0.07, 0.04 and 


0.08 respectively. 
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CHAPTER VI 


DISCUSSION (2) 


VIl.| Pattern of recruitment of motor units 

The results from Section VI.1| give new quantitative data on 
the nature of regeneration in human motor units. Given a reasonable 
period of time after surgical repair of a completely severed ulnar 
nerve, the twitch tensions of single motor units returned to normal. 
Any remaining deficit in strength should be due to a reduction in the 
total number of motor units, due to the inability of some motor axons 
to reach the muscle and re-innervate muscle fibers. Gutmann and Sanders 
(1943) found that one year after severance and suture of the peroneal 
nerve of rabbits, there were fewer fibers in the periphery than in the 
central stump, but the pattern of fiber sizes of the nerve returned to 
normal. The possibility of a reduced number of motor units could be 
tested using recently developed methods for estimating the number of 
motor units in a muscle icmonsen Fawcett, Campbell & Sica, 1971). In 
this method incremental responses are recorded from the muscle as the 
stimuli to the innervating nerve are gradually increased above the 
threshold level. On the assumption that each increment represented the 
recruitment of an additional motor unit, it is possible to calculate 
the average size of a motor unit potential; by dividing this average 
value into maximum evoked muscle response an approximate estimate of 
the number of motor units in the muscle can be obtained. 

lt was Intriguing to find that the normal orderly patrern of 


recruiting larger and larger motor units during increasing voluntary 


(Sd WOreeuoeia 
7 

a oat 
@tinu totem to p= Yee 8 : 
no steb svitetitnsup wae? evie }./1V ie i at Af 
s\idsnoaser 6 navid ishiiw jotor nemud nl noitsrenspes to 
isniu berevee yietelamco 6 te visqer |soiprve tetts emit to boi” q 
lemon of beatwter ztinu tetem elpnie to enolenet dotiwt edt , ven 
ait o| qoltaube7 6 ot sub sd bluod2 dtpderte nt tiotteb oe 
anoxs Totem ence to ytil ideal elt of sub ,atinu yotom to tedmun Ts . 
eiébnee one neato al i i iol ee bné sloaum eat aint 
lnanoved eft to siutue bn& eanetevse leas 788y eno tedt bAvo? (EbE 
ait nt nedt vert 19q edit nl eredit-7ewet Siow ered? thet 30 
ot benauiitss ayer ont + geste tedi? to mtettsq edt tud .qmute jen rie 
ed blues etinu r0tom to yedmun bsoubs7 6 to ytilidizaeq eAT las 
1o vedmun eft enitemites tot eborten beaqolaveb yitnecet pnieu- wile 
ni J CIte .Sofe 8 |isdgnso ,tTsswe4 ~26mo0s") eloeum 6 ol etinu > roton 
sit 26 sloeum oft mort beb10981 616 2eenogass tstnems toni borttem 2 iT tt 
ait evods beesetani 1 jeubsre 676 ev7en pnitevrenni ant of ar 
ert betnezenger tnemersa| dose Teit noitqnuees ent nO . level dione uit 
atsluolso ot eldiezoqg 2i ti ,tinw t0tem lénoltipbs ns to 
epsrsve eint pnibivib ‘yd + ‘ lsitnetog tin rotons to esia ¢ 


to stemitze. etemixon gos ne sie gg eloaum bexove mum} < 


Pac 


contraction was irretrievably lost after complete severance of a nerve. 
It is not at all obvious why this orderly pattern appears during normal 
development, but does not reappear following complete severance and 
regeneration of the nerve. Perhaps during development larger a- 
motoneurons begin to sprout axons somewhat earlier and so reach more 
uninnervated muscle fibers than do the smaller a-motoneurons. An 
analogous situation would be the earlier myelination of larger axons 

in developing nerves. 

Different types of fibers are known to reach and innervate 
end organs at different times during development. For example, Diamond 
and Miledi (1962) found miniature end-plate potentials in rat muscles 
five days before birth. A considerable number of spontaneous contractions 
were observed in most foetal diaphragms, accompanied by muscle fiber 
action potentials. D-tubocurarine greatly reduced or abolished the 
spontaneous mechanical activity, which indicates that ACh was at least 
partly responsible for-it. Also, stimulation of the phrenic nerve in 
the foetuses elicited a contraction in the muscle. These results 
Suggest the establishment of innervation by a-motoneurons invene foeta | 
muscle fibers. Primary muscle spindle afferents also have begun to 
cause differentiation of intrafusal muscle fibers three days before 
birth in the rat (Zelené, 1964). Innervation by smaller motor and 
sensory fibers only occur after birth. Afferents which supply Golgi 
tendon organs (and which are somewhat smaller than primary muscle spindle 
afferents) are seen three days after birth. The y-motoneurons can be 
distinguished five to ten days after birth, and the smaller secondary 


muscle spindle afferents also appear about this time (Zelend, 1964). 
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Thus, there appears to be a correlation between the size of different 
fiber types and their order of innervation. Whether this correlation 
holds within a given fiber type, a population of a-motoneurons remains 
to be tested. As indicated above, this hypothesis could explain the 
relation between the size of a motoneuron and the number of muscle 
fibers it innervates. 

Anatomical evidence indicates that the cell body is smaller 
for a neuron with a small axon than for one with a large axon (Hodes, 
1949). A large axon will generally innervate more muscle fibers 
(Henneman, 1968) and thus one associates a larger cell body with a 
larger motor unit. Experiments on cat lumbosacral a-motoneurons 
(Kernel!, 1966) showed that, in comparison with large cells possessing 
rapidly conducting axons, the smal! cells with slowly conducting axons 
have the higher input impedance, and they need weaker stimulating 
currents to reach the threshold for repetitive firing. This would then 
account for the 'size principle’. For eliciting a steady repetitive 
discharge (which occurs during a brief maintained voluntary contraction), 
the threshold current strength is linearly related to the inverse of 
the input impedance. This explains the orderly recruitment of motor 
units. 

The homogeneous character of a motor unit is the natural 
result of the uniform neural control exerted by the motor neuron over 
its muscle fibers during their period of differentiation. This contro! 
may be trophic in nature or it may be due to neural regulation of the 
intensity of muscular activity. In experiments on fast and slow muscles 


whose nerves had been transposed at an early age, Buller et al. (1960) 
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concluded that nerves exert a controlling influence over muscles at the 
time of their differentiation into fast and slow types. Whatever the 
nature of this influence may be, it is evidently powerful and precise, 
for it enables each motoneuron to specify the contractile properties of 
its muscle fibers within narrow limits. As a consequence the functional 
properties of each motoneuron are closely matched with those of all its 
muscle fibers. Although the first dorsal interosseus muscle is rather 
small, the range of twitch tensions (< Ig to > 20 g) and contraction 
times (~ 40 msec to 100 msec) recorded indicate a wide range of motor 
unit size, with quite a spread of threshold excitability. These 
inherent motor unit properties which are established during development 
result in an orderly recruitment of motor units according to size. 
Given an even start following nerve section in later life, nerve fibers 
of different size grow at similar rates (Gutmann et al., 1942; 
Lubifiska, 1964), and the number of types of muscle fibers innervated 
would be random. It is then possible that muscle fibers previously 
innervated by small high impedance motoneurons would be re-innervated 
by larger low impedance motoneurons. This randomness of re-innervation 
might disrupt the homogeneous character of the motor units, and 
probably the orderly pattern of recruitment. 

In pressure or entrapment neuropathies in which the ulnar 
nerve is not severed there is always a physically continuous path between 
nerve and muscle fibers, and the normal orderly pattern for recruiting 
motor units was still evident. When the nerve trunk is not severed and 
axons are blocked without much disorganization of the myelin channels, 


regrowing sprouts may follow the pre-existing route across the point of 
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injury and down to the muscle again following surgical decompression 

of the nerve. This explanation could account for the orderly pattern 

of recruitment found in partially recovered patients, who had only one 
or two functional units before surgery. Similar results on the pattern 
of recruitment from motor neuron disease patients support the suggestion 
that a maintained physical continuity between nerve and muscle is a 
necessary condition for the preservation of the orderly recruitment of 


motor units during voluntary contraction. 


VII.2 Contractile and electrical properties of motor units 

Some quantitative data of the contractile and electrical 
properties of motor units, altered by neuropathies and motor neuron 
disease, have been presented in the study in Section VI.2. The 
increased EMG amplitude among patients with ulnar neuropathies and 
motor neuron disease are consistent with the idea that any remaining 
"healthy" motoneurons may sprout new collaterals to innervate muscle 
fibers that had been previously denervated (Erminio et al., 1959; 
Wohl fart, 1957, 1958; Coérs & Woolf, 1959). However, these experiments 
do not rule out the possibility that the atrophy and reduction of total 
muscle mass often seen in these patients reduces the shunting of the 
signals produced by motor units so that the signals recorded are larger. 
Since this increase is observed with surface as well as with needle 
electrodes, the decreased shunting would have to be quite widespread. 

In view of the evidence in favour of collateral sprouting 
presented in the studies quoted above, this represents the more plausible 


explanation of our increased EMG amplitudes. However, if there is an 
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increase in the number of muscle fibers per motor unit as a result of 
sprouting, the tendency for the twitch tensions to be smaller in 

ulnar neuropathies is all the more surprising. The enlarged motor 

unit appears to be a less efficient mechanical unit. This decreased 
efficiency could result from (1) a deficiency in excitation-contraction 
coupling; or (2) a deficiency in the coupling of the contraction to an 
external recording device. Using scanning electron microscopy, Sakuragawa, 
Sato and Tsubaki (1973) found that in the early stage of neurogenic 
atrophy due to peripheral neuropathy, there was a disappearance of the 
openings of the T tubules and a loss of the A-| banding pattern. A 
number of other factors could also contribute to the first category, 
such as (a) a decreased trophic influence of motoneurons on individual 
muscle»fibers of the enlarged motor unit, leading for example to 
decreased enzymatic activity; (b) an increased susceptability to 
fatigue. The experiments of Edwards and Lippold (1956), indicating 
that the integrated EMG required to maintain a constant force increases 
during fatigue, suggests that a substantial decrease takes place during 
fatigue in the efficiency of excitation-contraction coupling. More 
recent evidence (Stephens & Taylor, 1970) also implicates other factors 
in fatigue of normal human muscle. These authors postulated that "in a 
maximal voluntary contraction, neuromuscular junction fatigue is most 
Important at “first (< | min) but later, fatigue of contractile elements 
increases, particularly when the blood supply is obstructed. Also 
neuromuscular junction fatigue was believed to be most marked in high 
threshold units, while fatigue of contractile elements particularly 


affected low threshold units". These experiments could be repeated in 
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patients suffering from ulnar neuropathies to test whether the common 
clinical observation that the muscles of the affected hands tire more 
easily is due to a defect in Beater ee eat selon coupling. 

The above arguments seem to contradict previous data obtained 
by McComas, Sica, Campbell! and Upton (1971) in partially denervated 
muscles using stimulation techniques (Sica & McComas, 1971). In their 
study single twitches of the extensor digitorum brevis in patients with 
motor neuron disease were larger than normal. In addition, they calcu- 
lated the ratio of the maximum twitch tension to that of the maximum 
evoked muscle response and obtained 59 g/mV for controls, while in 
muscles with more than 90% denervation, the value was 78 g/mV. Our 
results, however, indicate that during a maintained voluntary contraction, 
the distribution of twitch tensions averaged over a period of about 2 
minutes were within the normal range in patients with motor neuron 
disease. Also, the corresponding ratio of mean twitch tension to mean 
EMG amplitude calculated from our data gives the values 21 g/mV and 
4 g/mV for normals and motor neuron disease patients respectively. 

This discrepancy could arise from differences in the two muscles, but 
the data are consistent with the hypothesis that enlarged motor units 
may be particularly susceptible to fatigue. Thus a single stimulus 
could give a greater tension, as found by McComas et al. (1971), but 
with maintained use the tension might fall to within the normal range, 
as indicated by our results. 

The second explanation suggested above, a deficiency in the 
coupling of the internal contraction to an external recording device, 


could result from fibrosis within the muscle. Fibrosis might also slow 
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the contraction and relaxation times as observed experimentally. oA 
Slowing of these times might also result from decreased excitation- 
contraction coupling (Mannard & Stein, 1973): in this study, the 
tension in the muscle eventually begins to decline, during maintained 
stimulation of the soleus nerve. This may be accompanied by an 
increase in damping and a decrease in natural frequency, implying 

that the response of a fatiguing muscle to any variation in the neural 
signal becomes more sluggish. It is likely that several of these 
factors contribute to making the enlarged motor units in neuromuscular 


disease more sluggish and less efficient. 


Vili! Synchirontization! offmororsuniits 

In the erties try of the contractile properties of normal 
human motor units (Chapters IV and V), only one out of the six subjects 
showed significant synchronization. Five of the neuropathic patients 
showed synchronized motor unit activity in their normal hand; however, 
synchronization was much less prominent or absent on the affected side. 
ie finding of a reduced synchronization of motor units in ulnar 
neuropathies raised a fundamental question. Why do some individuals 
show synchronization while others do not? It was noted that most of 
the patients who showed synchronization were involved in manual jobs, 
which required large, brief forces to be exerted. Incidentally, the 
first subject who showed a high degree of synchronization regularly 
lifted weights. Perhaps the regular use of these muscles to exert 
large, brief forces leads not only to hypertrophy of the muscles involved, 


but also to changes in the central nervous system. These changes 
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result in motor units being activated nearly synchronously, even during 
the generation of steady forces where this synchronization is not 
Féqiired. To test this hypothesis, six other weightlifters were 
studied and all showed clear evidence of aihenteniearions lf" 20% °F 
the population show synchronization, as Buchthal and Madsen (1950) 
suggested, then the chances of finding synchronization in each of 
seven individuals chosen at random would be less than 107+. Since al! 
the seven subjects who lifted weights showed synchronization in most 
of their motor units, this provides strong evidence for the hypothesis. 

How does this synchronization develop? One can imagine two 
types of mechanisms. Either the connections from sensory fibers to 
spinal motoneurons could be strengthened, or descending inputs (e.g., 
monosynaptic inputs from motor cortex via the pyramidal tract; Phillips, 
1969) could be enhanced. Strong excitatory inputs from either source 
to a motoneuron pool would tend to synchronize the discharge of moto- 
neurons, as found experimentally. Inhibitory inputs to a motoneuron 
pool would not be effective in producing the type of synchronization 
observed (Chapter V; Moore et al., 1970) so this possibility will not 
be considered further. To distinguish between spinal reflexes and 
Supraspinal mechanisms, reflex experiments were performed on weight- 
lifters and non-weightlifters. The EMG record showed an early V or 
spinal H-reflex wave, and later V2 and V3 waves, whose latencies suggest 
supraspinal and possibly cortical reflexes. 

The average latency of the peaks in the cortical evoked 


potentials was only 24 msec (see also Cracco, 1972) which allows 


adequate time for a "cortical reflex" to reach the muscle by 60 msec. 


priaub nave Pee vee betevitos pris ai | 
ron 21 dole inoninye ats had snub abil abana 

erew 276+ti Itiplew Jetto xXle ,2iesdtoqyd elt test of : lupe 

to ROS 4! noltes|nordonye to aonebive reeto bewore ils bne-berbut 
(O20|) AoebsM bas leAdtdoud 26 ,noitssinordonye wore noitelugog edt 
¥o rose ni noltesinorwdeaye pnibalt +o 2eoneda sft ment .boteeoue 
lie aani2 .? "Ol nent 220! ed blvew mobaer te neeods 2isubivibal neve 

+20 ni noltes inoidenye bewore atrplew bettid ow etoetdue fever. ert. 
.eieattoqyd. ont 48 ootaiies anort2 eeblvarg eidt .etinu yotom jist to. | 

owt sqipem! neo enO Tqoleveb noitesinondonyve 2idt eeob woH 9-4) © 
o} enedit yroenee mont enol toennos ont sadtia .emeinsrsem to eeqyt | 
.»8) 2tuan! pnibnsozeb 70 hinteeoaiiens ed binao anorwenotom lenige 
eg hl rad « efoeqt lebinewa anit siy xeToo aoTom moTt etuqnl oi tqenyeonon 3 
asiuoe reritie mort etuqn) wiotetioxe pnowte  beanerine ed blo00" eae) 
-oton to sp vsdozib edt asinoydonye of bret Biluow |coq nowenotom sot 
reowenotem 6 ot 2tuqn! yrotidian! .vilstnemisneqxe bavo? 25: diate. . 
NONE HS Danae to sqyt oft EAiouborg ni evitoastte od ton binowiheng, : 
ton aw ytilidizeog EVN oz (Oret .-ib t9 S900 3V tetgqetd) bevreado 
bié 2exsite7 Isnige neawted reiupnitelb oT redhat bevebienco ed 
~tipisw bamiatise es 19w ae ltl xelter ,emelneisem pennies! 
10 1% vites As Dswore boo OMA ofT .eretthitigiow=non bas: wens 


! 
7 v 


+eapQue 2elonete! iezodw ,aevéw eV bose oV total brs qorew xaltencH Ie it - 


‘261187 tsoftreo. vidiezoq bas: ter intone 
_ 
9) 
) 


136 


Such cortical reflexes have been suggested from animal experiments 
(Phillips, 1969; Evarts, 1973). From his extensive electrophysiological 
study on the cortical Tre of the baboon's hand, Phillips (1969) was 
led to suggest that the spinal stretch reflex arc had "been overlaid in 
the course of evolution by a transcortical circuit". Such a trans- 
cortical reflex derives its plausibility from the finding that impulses 
from muscle spindle afferents have a rapid pathway to the cerebral 
cortex, forming the afferent limb of the loop. First found in lower 
animals, this pathway has been traced in the baboon to a cortical area 
in the depths of the central sulcus, next to the motor area (Phillips, 
1971). The efferent limb of the loop is formed by the fast cortico- 
spinal (pyramidal tract) fibers, many of which in the baboon's hand 
(and, therefore it may be presumed in the human hand, too) end mono- 
synaptically upon the spinal motoneurons. Evarts has also seen the 
transcortical reflex at work in conscious monkeys performing a trained 
task. When the arm in use was displaced without warning, a corrective 
_action was apparent in the EMG of the arm muscles. The EMG showed 
changes of muscle activity at an initial latency of I2 msec, then a 
second phase of muscle activity began at a latency of 30 to 40 msec 

and a third phase began at about 80 msec. Initially the naive monkey 
did not exhibit the later EMG waves; only gradually after learning the 
task did the monkey acquire this EMG response. Concurrently, single 
pyramidal tract neurons under observation in the motor cortex altered 
their discharge frequency after as little as 20 to 24 msec. This was 
early enough for the pyramidal cells to be responsible for the corrective 


action at the 30 to 40 msec latency, for electrical stimulation experi- 
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ments showed that the conduction time for pyramidal cel! to forearm 

muscles was only 7 msec in the fastest fibers. Evarts proposed from 
his findings that neurons of primate motor cortex may function ina 

transcortical servo-loop. 

Marsden, Merton and Morton (1973) have also proposed that in 
the human stretch reflex proper, a transcortical pathway may be 
involved. Indeed, Murphy and Wong (1974) have recently described 
cortical seri in conscious monkeys at two latencies (1! msec and 
17 msec). The first involved a fast, ascending pathway such as the 
medial lemniscus, while the second was blocked by cooling Dieter's 
nucleus and so involved the cerebellum. The finding of two later 
waves in man (V2 and V3) is suggestive of similar mechanisms, but 
further experiments are needed to test this possibility. In addition 
to the regular occurrence of a V3 wave in the weightlifters, the 
wave was strongly potentiated and was on the average twice as great 
(relative to the maximum M) in weightlifters as in control subjects. 

The V; or spinal reflex was also somewhat greater relative To 
the Wenace in weightlifters, though the difference between weightlifters 
and control subjects was not significant with the small sample size. 

The overal! picture is summarized schematically in Fig. 41. Stimulation 
evokes a direct motor response (M wave), a spinal reflex (H or V, wave), 
and later waves which may involve the motor cortex and possible the 
cerebellum (Vj and V3 waves). The later supraspinal waves are particu- 
larly prominent in weightlifters and so may be potentiated by regular, 
brief, near-maximal contractions of a muscle. These preliminary results 


suggest for the first time specific neuronal pathways which are enhanced 
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react 
Maeve H- wave later waves ee 
(6msec) (3Omsec) (60-90msec) (I70 msec) 
muscle 
stimuli 
spinal 
cord 
motor 
cortex 
Fig. 41. Idealized representation of the responses to median nerve 


stimulation. Direct motor (M) waves, spinal reflex (H or 


V,) waves and later supraspinal reflex (Vz and V3) waves 
are observed, which all occur much earlier than the normal 


reaction time to an electrical stimulus. 
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by a specific form of physical training. I+ can also be deduced from 
these results that the main changes in the motoneuron pool, resulting 
from weightlifting, which affect these reflexes, are not due to afferents 
from muscle spindles, but due to descending inputs from higher centers. 
lf these reflex results are applied to voluntary contractions, then 

there is an indication that the changes in the motoneuron pool, which 
result in synchronization, are due mainly to the influence of descending 
Supraspinal pathways. The efficiency of these descending pathways may 

be increased by regular use, resulting in an increase in synchronization 


and decreased by disuse. Further work will be carried out in the near 


future to further test this idea. 
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